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A glance at metabolism
Metabolism is the set of life-sustaining biochemical reactions that form the basis of 
life as we know it.1 Metabolism and metabolic processes are organized in a complex, 
layered network where enzymes, transporters, hormones, cells, and organs work 
together to enable us to grow, respond to our environment, and maintain our structural 
integrity. At a molecular level, nutrients are transformed into the molecular building 
blocks of proteins, lipids, and nucleic acids. In addition, molecular metabolic processes 
ensure the elimination of waste products, such as urea and water. Most importantly, 
metabolic processes produce the energy to drive a variety of biological functions, such 
as muscle contraction and neuronal excitation. Since metabolism is essential for life, 
metabolic dysfunction frequently coexists with disease. Understanding how metabolic 
processes change in disease may thus contribute to the treatment or prevention of a 
variety of diseases. Despite efforts to computationally reconstruct human metabolism 
into a genome-scale and whole-body organ-specific metabolic network,2,3 our current 
understanding of the human metabolic network remains incomplete. In addition, 
studying metabolism remains challenging due to the many unknowns about metabolites, 
enzymes, and their functions. One approach to improving our understanding of human 
metabolism is the systemic characterization of the human metabolome. The metabolome 
is the complete set of metabolites found within a cell, tissue, or biological sample and is 
the downstream product of the interaction between the genome and the environment. 
Since 2007, the Human Metabolome Project has cataloged known, expected, and 
predicted metabolites in the human metabolome database (HMDB).4,5 The systemic 
study of the metabolome - metabolite fingerprints that specific cellular processes leave 
behind - is also known as metabolomics. Hence, while genomics, transcriptomics, and 
proteomics reveal information about the set of gene products, metabolomics provides 
a readout that is more closely related to the biochemical functioning of cells and tissues 
(Figure 1). As a result, a snapshot provided by metabolomics is thought to contain 
valuable information that is closely tied to an organism’s phenotype.

Genotype Genomics Proteomics Metabolomics Fluxomics PhenotypeTranscriptomics

Figure 1. Omics layers between genotype and phenotype. The relationship between genotype and 
phenotype is hierarchically bridged by DNA, RNA, proteins, metabolites, and metabolite flux, which are 
profiled by genomics (and epigenomics), transcriptomics, proteomics, metabolomics, and fluxomics, 
respectively. Genomics identifies genes associated with disease, whereas other -omics provide downstream 
insights into pathophysiology. Fluxomics describes the dynamic activity of metabolic pathways. 
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Metabolomics 
The metabolome encompasses small-molecules (50-1500 kDa) with a wide diversity 
in reactivity, structure, and concentration range. As a result, metabolomics analysis 
requires the use of instruments capable of analyzing these highly complex analytes 
in biological samples with high coverage and precision. Two examples of such 
sophisticated advanced analytical technologies are mass spectrometry (MS) and 
nuclear magnetic resonance (NMR) spectroscopy (Figure 2).6 However, due to the 
diverse physical properties of metabolites, no single analytical tool can measure 
all metabolites in a single analysis. Metabolomics strategies can be classified 
in two distinct types of approaches: targeted and untargeted metabolomics. 
Targeted metabolomics is the measurement of a predefined set of metabolites, 
whereas untargeted metabolomics is the comprehensive analysis of all measurable 
metabolites in a sample. This is followed by a metabolite identification step, in 
which m/z signals are matched to metabolites using databases such as the HMDB.5 
Untargeted metabolomics is often hypothesis-generating in nature. Therefore, it can 
lead to the discovery of previously unknown and unexpected correlations between 
metabolites, yield novel disease biomarkers, or aid in novel pathophysiological 
insights.7 Due to its comprehensive nature, untargeted metabolomics generates 
biochemical fingerprints that can also be exploited for diseases that lack a  
single biomarker.8,9
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Figure 2. Metabolomics workflow. A metabolomics workflow consists of three basic steps: 1) Sample 
preparation: Metabolite extraction from cells, biofluids, and tissues includes the addition of cold organic 
solvents or freezing to denaturize enzymes. 2) Metabolite measurement: Chromatography physically 
separates analytes on a column prior to MS measurement, improving metabolome coverage and 
quantitative accuracy. MS detects metabolites with high sensitivity and resolution. 3) Data analysis: 
Raw MS data with mass peaks and intensities are converted to annotated metabolite data. Biological 
interpretation of metabolomics data through visualization techniques, such as clustered heatmaps, 
principal component analysis (which identifies linear combinations of metabolites that best differentiate 
samples), or individual metabolite changes. 
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Stable isotope resolved metabolomics
In the quest to decipher the human metabolome, concentration-based metabolic 
profiling is only part of the story. Since metabolites are continuously absorbed, 
synthesized, and degraded, the metabolome is very dynamic. In addition, many 
metabolic pathways intersect as the same metabolite participates in many 
pathways. For instance, glutamate is a common metabolite produced in the TCA 
cycle and glutaminolysis, which is utilized in a variety of other pathways, such as 
glutathione and amino acid synthesis. Stable isotope resolved metabolomics or 
tracer metabolomics is useful in delineating the contributions of different pathways 
to metabolite pools. The utilization of stable isotope-labeled nutrients, such as 
13C-glucose or 13C-glutamine, allows for time-dependent analysis of downstream 
metabolite labeling (Figure 3).10,11 Subsequently, biological insights can be obtained 
by interpreting isotopic enrichment or integrating tracer data with computational 
models, known as 13C-metabolic flux analysis.12,13 By combining metabolomics data 
and pathway activities in a complementary way, our understanding of metabolism in 
health and disease can greatly improve. This approach may be particularly beneficial 
for research and diagnostics in rare inherited diseases.
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Figure 3. Stable isotope tracing to investigate the dynamics of metabolism. A. Carbon map of 13C6-
Glucose (orange) and 13C5-Glutamine (blue for oxidative TCA cycle and green for reductive carboxylation) 
tracing in glycolysis and TCA cycle. Black dots represent unlabeled carbons. B. Upon introduction of a 
stable isotope tracer, metabolites downstream become labeled over time until the flux in and out of 
metabolite pools is balanced (metabolic steady state). The size of the metabolite pool influences the 
initial dynamic labeling because larger metabolite pools take longer to reach steady state (represented 
in condition 2).
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A spectrum of inherited diseases
Inherited diseases are caused by a change in the DNA sequence that is inherited 
from the parents and is present in an individual at birth. Depending on their nature 
and genetic location, mutations in protein-encoding genes can result in missing 
or malfunctioning of proteins. The underlying genetic cause of inherited diseases 
frequently results in pediatric onset of disease, with clinical symptoms varying 
from mild to life-threatening. As a result, a significant number of children with an 
inherited disease die before the age of 5 years.14,15 While early detection is critical 
for disease management, diagnosing inherited diseases remains challenging and 
results in a long diagnostic odyssey for many patients.16 Nowadays, clinical diagnostic 
laboratories use next-generation sequencing techniques for whole-exome or whole-
genome sequencing. This significantly improved the identification of disease-causing 
gene mutations as well as the discovery of novel genes associated with disease, 
thereby accelerating diagnostic procedures.17

Inherited metabolic diseases
Inherited metabolic diseases (IMDs) refer to diseases caused by a genetic variant 
that lead to disorders of metabolism. An IMD is broadly defined as “a disease with 
a primary genetic cause leading to a primary alteration of a biochemical pathway 
intrinsic to the specific biochemical, clinical, and pathophysiological features”.18 
The majority of these cases are enzyme deficiencies due to mutations in individual 
genes. For example, in phenylketonuria (PKU), a common IMD in Northern-European 
countries, the enzymatic degradation of the amino acid phenylalanine is affected.19 
Individual diseases are frequently rare to ultra-rare (<1 in 1,000,000),20–22 but IMDs 
represent a heterogeneous group of over 1000 different disorders. The genetic 
spectrum of IMD varies from disorders of intermediary metabolism (e.g., amino acid 
or carbohydrate metabolism) to disorders of metabolic cell signaling (e.g., endocrine 
and neurotransmitter metabolism).18,23 As a consequence, the clinical recognition 
of IMD is challenged by heterogeneous clinical symptoms, including neurological, 
cardiac, ophthalmologic, metabolic, muscular-skeletal, and gastrointestinal 
symptoms.24 Some diseases present with a more tissue-specific clinical phenotype, 
such as liver disease in citrin deficiency.25 

The quantification of specific metabolite classes, such as amino acids, acylcarnitines, 
and organic acids in body fluids, is frequently used to aid in the diagnosis of IMD 
patients. Changes in specific metabolite concentrations hint at a deficiency in 
specific enzymes or transporters. In the case of PKU, high levels of phenylalanine 
in the blood are indicative of the disease. Timely diagnosis is important for the 
significant number of IMDs that are amenable to treatment.26,27 Dietary treatment can 
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significantly improve clinical symptoms in many IMDs, as demonstrated by dietary 
phenylalanine restriction in PKU or low carbohydrate ketogenic diets in glycolysis-
related defects.19,28 However, most treatments are aimed at improving quality 
of life through symptomatic or comfort treatment, which addresses secondary 
complications instead of the underlying disease cause. In order to develop a 
treatment rationale, pathophysiological knowledge is essential.

Untargeted metabolomics in inherited metabolic diseases
The increasing number of IMD poses an increasing clinical and diagnostic challenge. 
The current diagnostic platforms may fall short of efficiently covering a wide range 
of metabolites, and pathophysiological investigations are complicated due to the 
rarity of patients and the inherent scarcity of biological material. The application 
of metabolomics in the diagnosis and research of rare inherited diseases can be a 
valuable tool for identifying and characterizing disease, since only a small biological 
sample is needed to reveal data on thousands of metabolites. Recent developments 
demonstrated the potential of an untargeted metabolomics platform to screen 
clinical samples from patients with an IMD.29–32 The clinical utility of untargeted 
metabolomics as a novel or complementary screening tool holds promise for 
improved diagnostic accuracy and speed.33,34 In addition, untargeted metabolomics 
can play an important role in understanding pathophysiology for the development 
of therapeutic strategies. 

Tracing metabolic pathways in a spectrum of inherited diseases
The overall aim of this thesis is to contribute to a better understanding of the 
pathophysiology of several rare inherited diseases using untargeted metabolomics 
in order to ultimately improve diagnostics and treatment. We apply state-of-the-
art direct-infusion high resolution mass spectrometry (DI-HRMS)-based untargeted 
metabolomics to determine metabolic phenotypes in cells and patients (chapters 
2,5-8) to identify pathophysiological leads (chapters 4-8) or aid in diagnostic 
interpretation (chapters 2 & 7). In addition, to gain pathophysiological insights, 
we combined metabolomics with stable isotope tracing in vitro (chapters 4 & 5). 
The work in this thesis focuses on improving our understanding of two groups of 
inherited diseases: part 1 describes malate-aspartate shuttle disorders, and part 2 
describes rare hereditary anemias. All are considered IMDs, with the exception of 
the congenital red blood cell membrane disorder hereditary spherocytosis (HS), 
although the involvement of a structural component in the regulation of red blood 
cell metabolism provides an opening for metabolic investigation.35,36 Several aspects 
of these diseases are addressed in this thesis, including phenotypic recognition, 
molecular diagnostics, and pathophysiological insights. 
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PART 1 – Pathophysiological insights into disorders of 
the malate-aspartate shuttle

The malate-aspartate shuttle 
The malate-aspartate shuttle (MAS) is a metabolic cycle that connects cytosolic redox 
metabolism to mitochondria and plays a crucial role in cellular energy metabolism.1 
Energy is gradually released from nutrients in food through cellular metabolic 
pathways that involve reduction and oxidation (redox) reactions. NAD(H) molecules 
are the pyridine nucleotide cofactors that serve as carriers to remove (oxidation) or 
provide (reduction) electrons from carbon compounds (Figure 4A).37 Within central 
carbon metabolism, the enzymatic oxidation of carbon compounds in glycolysis 
and the tricarboxylic acid cycle (TCA) cycle reduce NAD+ to NADH (Figure 4B). 
The electrons from NADH are eventually consumed in the mitochondrial electron 
transport chain (ETC) to generate a proton gradient that drives ATP synthesis by 
oxidative phosphorylation. The presence of oxygen (O2), which serves as the 
final electron acceptor, maintains oxidative phosphorylation. As cytosolic NADH 
molecules cannot enter the mitochondria, the MAS transports the redox equivalents 
from NADH to the mitochondrial matrix in an indirect way.38,39 The enzyme malate 
dehydrogenase 1 (MDH1) reduces cytosolic oxaloacetate to malate, which is then 
transported to the mitochondrial matrix and oxidized to oxaloacetate and NADH 
by MDH2 (Figure 4B). The proton gradient generated by ETC activity drives MAS 
activity. As a result, the MAS actively maintains the cytosolic NAD+/NADH ratio, which 
is important for the continuation of several metabolic pathways. 

Inherited disorders of the MAS
Inherited disorders of the MAS include AGC2 (Citrin) deficiency (OMIM #603859)40,41, 
AGC1 (Aralar) deficiency (OMIM #612949)42–46, glutamate-oxaloacetate transaminase 
2 (GOT2) deficiency (OMIM #618721)47 and mitochondrial malate dehydrogenase 
(MDH2) deficiency (OMIM #617339)48–50. In chapter 2, we report the first two patients 
with cytosolic MDH1 deficiency (OMIM #618959). Using untargeted metabolomics, 
we identified glycerol 3-phosphate as a biomarker in dried blood spots of patients 
with MDH1 deficiency, which can now be used to facilitate diagnostics. In chapter 
3, we review and discuss the literature on clinical and biochemical similarities and 
differences among the reported MAS disorders to aid in their clinical recognition. 
Some of these MAS defects are, at least in part, amenable to targeted treatments 
such as a ketogenic diet. Interestingly, serine supplementation was found to be 
an effective treatment for GOT2 deficiency since patients had a secondary serine 
biosynthesis defect. In chapter 4, we investigate whether other MAS defects also 
lead to a secondary serine biosynthesis defect. We generated cell models with a 
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genetic disruption of all individual MAS components using Crispr/Cas9. Using 
stable isotope tracing experiments, we demonstrated that all MAS-deficient cells 
have impaired de novo serine biosynthesis, implying that patients with other MAS 
disorders may benefit from serine supplementation as well. Furthermore, we show 
that MAS-deficient cells have disturbed glycolysis and an increased flux to glycerol 
3-phosphate. In chapter 5, we show in MDH1-deficient cells that these altered 
metabolite fluxes are restored by the addition of an electron acceptor, such as 
pyruvate or 2-ketobutyrate. In addition, disturbed glycolysis increases metabolite 
flux into the pentose phosphate pathway, resulting in ribitol accumulation in MDH1-
deficient cells. 
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Figure 4. The malate-aspartate shuttle (MAS) in energy metabolism. A. reduction and oxidation 
reactions of nicotinamide adenine nucleotide (NAD). B. Glycolysis, the breakdown of glucose in ten 
enzymatic steps in the cytosol, and the citric acid or tricarboxylic acid (TCA) cycle, an important 
connecting hub for many metabolic pathways in the mitochondria, are two major metabolic pathways 
that rely on the NAD+/NADH ratio. The MAS transports cytosolic NADH to the mitochondria to eventually 
generate ATP in the electron transport chain (ETC), where the electrons from NADH are transferred to 
oxygen, the final electron acceptor.
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PART 2 – Metabolic phenotyping in rare  
hereditary anemias

Red blood cell metabolism
Red blood cells (RBCs) are the most abundant cells in the human body (~83%), and 
approximately 2.4 million new erythrocytes (mature RBCs) are produced per second 
in human adults.51 The primary function of the RBC is to enable respiration in tissues 
by supplying oxygen and removing carbon dioxide through gas exchange in the 
lungs. Since RBCs transport oxygen, the most important component of the RBC 
is the specialized oxygen-binding protein hemoglobin. In order to accommodate 
maximum space for hemoglobin, RBCs extrude their nuclei and other cellular 
organelles (mitochondria, Golgi apparatus, and endoplasmic reticulum) during the 
maturation process (Figure 6A). While RBCs play a vital role in providing energy for 
metabolic functions, the RBC itself only has limited metabolic activity due to the 
lack of organelles. RBCs primarily rely on anaerobic glycolysis (Embden-Meyerhof 
pathway) for energy production, which is required to maintain their shape and 
deformability (i.e., the capacity to deform) for passage through capillaries and splenic 
sinuses (Figure 5).52–54 In addition, to maintain a favorable antioxidant defense, they 
rely on activity of the pentose phosphate pathway (hexose monophosphate shunt). 
A unique feature of RBC metabolism is the Rapoport-Luebering shunt, which uses 
~25% of glucose to produce 2,3-bisphosphoglycerate (2,3-DPG), a metabolite that 
lowers hemoglobin’s oxygen affinity, thereby favoring oxygen release to tissues.55

Hereditary anemia
Anemia is defined as a condition in which the blood’s oxygen transport capacity is 
decreased due to a low number of RBCs or a low hemoglobin concentration. Rare 
hereditary anemias (RHA) are a group of heterogeneous disorders caused by either an 
intrinsic RBC defect or erythropoietic defects that result in increased decay or impaired 
synthesis of the RBC, respectively.56 Typical RHA symptoms include fatigue, shortness 
of breath, palpitations, enlargement of the spleen, muscle pain, and jaundice, and they 
can range in severity from mild to life-threatening. Based on clinical manifestations 
and morphological RBC alterations, RHA can be classified into four types57: 1) RBC 
enzyme defects, such as glucose 6-phosphate dehydrogenase deficiency and pyruvate 
kinase deficiency (PKD)58; 2) hemoglobin disorders, such as thalassemia and sickle cell 
disease (SCD); 3) hyporegenerative anemias, such as Diamond-Blackfan anemia (DBA) 
and congenital dyserythropoietic anemia (CDA); 4) RBC membrane defects caused by 
either altered membrane structural organizations, such as hereditary spherocytosis 
(HS) and hereditary elliptocytosis59, or alterations in membrane transport functions, 
such as hereditary stomatocytosis/hereditary xerocytosis (HX)60 (Figure 6).
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Figure 5. Main metabolic pathways of the red blood cell. The Embden-Meyerhof pathway (anaerobic 
glycolysis) produces ATP, which drives membrane pumps involved in the RBC’s flexibility and integrity. 
Pyruvate kinase (PK) generates ATP by converting phosphoenolpyruvate (PEP) to pyruvate. The Rapoport-
Luebering Shunt is a bypass step of glycolysis that produces 2,3-diphosphoglycerate (2,3-DPG), which 
regulates hemoglobin’s oxygen affinity. The hexose monophosphate shunt or pentose phosphate 
pathway generates NADPH, which is required for the maintenance of reduced glutathione in antioxidant 
metabolism. The RBC’s nucleotide metabolism contributes to the maintenance of energy balance. 

Treatment for RHA depends on the specific condition and the severity of the symptoms. 
Supportive treatments such as blood transfusions or splenectomy (removal of the 
spleen) have significantly improved patient survival and quality of life. Other types 
of RHA require medications to increase RBC production, and in severe cases, a bone 
marrow transplant may be necessary. However, these treatments remain suboptimal 
and invalidate patients suffering from anemia. Early diagnosis and effective treatment 
are essential for managing RHA and improving patient outcomes, but there are still 
significant gaps in our understanding of clinical heterogeneity, genotype-phenotype 
correlations, and pathophysiology.61–63 Hence, there is a need for more functional tools 
that accelerate diagnostic procedures and the investigation of disease and treatment 
response. Untargeted metabolomics, which functionally approaches the layer between 
genotype and phenotype, may provide important insights that aid in diagnostic 
procedures, delineate metabolic disease phenotypes, and improve understanding 
of pathophysiology. Importantly, metabolic insights can provide key insights for 
developing therapeutic options for various forms of RHA.64,65 In this thesis, we focused 
on three genetically and clinically heterogeneous types of anemia: PKD, DBA, and HS. 
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Figure 6. Erythropoiesis and inherited anemia. A. Simplified scheme of erythropoiesis. Erythropoiesis 
starts in the bone marrow with lineage commitment of pluripotent myeloid progenitor cells and 
differentiation into immature erythroid progenitors. Later stages of development include the formation 
of erythroblasts, which mature into reticulocytes by extruding their nuclei and other organelles. 
The final stage is reticulocyte maturation into an erythrocyte, where it acquires its biconcave shape 
through extensive membrane remodeling. B. A schematic overview of inherited anemias. Defects in 
erythropoiesis result in a lower number of mature RBCs. RBC defects cause abnormal RBCs, which are 
destroyed prematurely.

Pyruvate kinase deficiency
PKD is an RBC glycolytic enzyme defect with an estimated prevalence of 1 in 20,000-
3,000,000.66–68 The disorder is mostly caused by autosomal recessive inherited 
missense mutations in the PKLR gene, which encodes for both liver and RBC 
pyruvate kinase. Pyruvate kinase catalyzes the conversion of phosphoenolpyruvate 
to pyruvate while simultaneously generating ATP (Figure 5). As a result, PKD causes 
ATP depletion and decreased RBC survival due to premature RBC destruction 
primarily in the liver or spleen.58 In addition, glycolytic intermediates such as 2,3-
DPG accumulate. Characteristic laboratory findings include decreased hemoglobin, 
reticulocytosis, and elevated unconjugated bilirubin. The clinical phenotype of 
PKD ranges from well-compensated hemolytic anemia to severe hemolysis and 
hydrops fetalis.69,70 Clinical symptoms include pallor, jaundice, dark urine, fatigue, 
splenomegaly, gallstones, and cholecystitis. Treatment is mainly supportive and 
consists of erythrocyte transfusions to maintain adequate hemoglobin levels. 
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Severely affected patients may require (partial) splenectomy or hematopoietic 
stem cell transplantation.71 Novel treatments are aimed at restoring PK activity. The 
allosteric PK enzyme activator mitapivat demonstrated significant clinical benefit 
in clinical trials, where it was shown to significantly upregulate PK, increase ATP 
production, and decrease 2,3-DPG levels.65 Its capability to enhance erythrocyte ATP 
production may be promising as a new therapeutic for several other RHAs as well, 
including thalassemia and sickle cell disease.65 

Diamond Blackfan anemia
Diamond Blackfan anemia (DBA) is a rare congenital erythroblastopenia that is part 
of the inherited bone marrow failure syndromes.72 The disorder is classified as a 
ribosomopathy since the majority of the underlying molecular defects encompass 
ribosomal protein genes and thereby affect ribosome biogenesis.73 Mutations in 
RPS19 account for ~25% of DBA cases, but mutations have also been identified 
in many other RP genes, including RPL5, RPL11, RPL35A, RPS7, RPS10, RPS24, and 
RPS26I.72,73 In a few patients, the disease is caused by mutations in GATA1, an 
erythroid transcription factor, or TSR2, a ribosome maturation factor.74,75 Ribosomes 
are the molecular machines that translate messenger RNA (mRNA) into proteins. 
Although ribosome biogenesis is a ubiquitous and important cellular process, 
ribosome defects in DBA selectively impact erythropoiesis but not the differentiation 
of other hematopoietic lineages.76 The underlying molecular mechanisms linking 
ribosome defects and defective erythropoiesis remain to be fully understood, but it 
is thought to be due in part to tissue-specific sensitivity to p53 pathway activation 
in response to ribosome stress.77,78 Clinically, DBA is characterized by hypoplastic 
anemia, congenital malformations, and a predisposition to cancer. Treatment 
consists of glucocorticoid administration and erythrocyte transfusions, although 
both have significant toxicity and long-term consequences.79,80 Currently, the only 
curative treatment for the bone marrow failure in DBA is allogenic hematopoietic 
stem cell transplantation.81

Hereditary spherocytosis
Hereditary spherocytosis (HS) is caused by mutations in genes encoding for one 
of the many membrane- or cytoskeletal proteins (a-spectrin (SPTA1), b-spectrin 
(SPTB), ankyrin (ANK1), band 3 (SLC4A1), and protein 4.2 (EPB42)), and has a 
prevalence of 1:2000 to 1:5000.59,82 The RBC membrane proteins regulate flexibility 
and deformability, which are required for the RBC’s physiological cell function while 
traversing the circulatory system and specifically the capillary network. As a result 
of affected membrane stability and deformability, RBCs become spheroidal, leading 
to premature splenic sequestration and hemolysis.83 Central to the stability and 



19|General introduction and thesis outline

1
functional regulation of the RBC membrane is band 3, an anion transporter that 
accounts for up to 25% of the cell membrane surface. Band 3 is thought to bind 
the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in a 
competitive binding with deoxygenated hemoglobin, directing glucose metabolism 
between glycolysis and the pentose phosphate pathway in response to metabolic 
needs.35,36 Partly due to its genetic heterogeneity, HS is also clinically highly 
heterogeneous.84 Clinical symptoms include anemia, jaundice, splenomegaly, and 
cholelithiasis.83 Similar to PKD, treatment consists of regular erythrocyte transfusions 
and (partial) splenectomy in severe cases.83,85 Interestingly, HS has been linked with 
decreased PK activity, potentially opening a therapeutic option for PK activation in 
HS as well.86

Metabolic phenotyping in rare hereditary anemias
To address some of the challenges in the diagnostic evaluation and clinical 
characterization of RHA, we introduced untargeted metabolomics as a novel 
investigative tool. In chapter 6, we evaluated the diagnostic application of 
metabolomics in anemia and presented proof-of-principle that we could confirm 
or rule out the diagnosis of PKD based on a metabolic fingerprint using a predictive 
machine learning model. Furthermore, the metabolic fingerprint, established for 22 
patients, revealed known and unknown metabolites in the context of PKD, providing 
leads for future investigations. In chapter 7, we also used machine learning to predict 
the diagnosis of DBA patients based on their metabolic fingerprints. In addition, the 
metabolic fingerprints of 18 DBA patients were compared to those of patients with 
congenital dyserythropoietic anemia, a clinically and diagnostically similar disease. 
Furthermore, we demonstrated that untargeted metabolomics data in DBA patients 
reveals a different metabolic signature for different treatment modalities, implying 
that it could be a useful tool for investigating treatment response. In chapter 8, the 
metabolic fingerprint of 35 patients with HS revealed decreased levels of 2,3-DPG, 
prompting further pathophysiological investigation in light of recent advances in 
PK activation. In addition, we shed light on several associations of the metabolic 
fingerprint with clinical phenotypic heterogeneity. 
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ABSTRACT

The reversible oxidation of  L-malate to oxaloacetate is catalyzed by NAD(H)-
dependent malate dehydrogenase (MDH). MDH plays essential roles in the malate–
aspartate shuttle and the tricarboxylic acid cycle. These metabolic processes are 
important in mitochondrial NADH supply for oxidative phosphorylation. Recently, 
bi-allelic mutations in mitochondrial MDH2 were identified in patients with global 
developmental delay, epilepsy and lactic acidosis. We now report two patients 
from an extended consanguineous family with a deleterious variant in the cytosolic 
isoenzyme of MDH (MDH1). The homozygous missense variant in the NAD+-binding 
domain of MDH1 led to severely diminished MDH protein expression. The patients 
presented with global developmental delay, epilepsy and progressive microcephaly. 
Both patients had normal concentrations of plasma amino acids, acylcarnitines, 
lactate, and urine organic acids. To identify the metabolic consequences of MDH1 
deficiency, untargeted metabolomics was performed on dried blood spots (DBS) from 
the patients and in MDH1 knockout HEK293 cells that were generated by Crispr/Cas9. 
Increased levels of glutamate and glycerol 3-phosphate were found in DBS of both 
patients. In MDH1 KO HEK293 cells, increased levels of glycerol 3-phosphate were also 
observed, as well as increased levels of aspartate and decreased levels of fumarate. 
The consistent finding of increased concentrations of glycerol 3-phosphate may 
represent a compensatory mechanism to enhance cytosolic oxidation of NADH by the 
glycerol-P-shuttle. In conclusion, MDH1 deficiency is a new metabolic defect in the 
malate–aspartate shuttle characterized by a severe neurodevelopmental phenotype 
with elevated concentrations of glycerol 3-phosphate as a potential biomarker.

Keywords: malate-aspartate shuttle, MDH1, MDH2, glycerol 3-phosphate, 
microcephaly
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INTRODUCTION

Malate dehydrogenase 1 (MDH1), an NAD(H)-dependent enzyme, is a part of the 
malate-aspartate shuttle (MAS). MAS is important for intracellular NAD(H) redox 
homeostasis as it transfers reducing equivalents across the mitochondrial membrane. 
NAD(H) itself cannot pass the mitochondrial inner membrane (Figure 1). Cytosolic 
and mitochondrial NAD+/NADH pools are independent from each other, and a proper 
balance of redox state per compartment is important for cell proliferation and cell 
growth.1,2 A constant supply of cytosolic NAD+ is required to sustain glycolysis via 
glyceraldehyde-3-phosphate dehydrogenase.1 Replenishing cytosolic NAD+ occurs 
via the reversible reduction of oxaloacetate to L-malate by MDH1.3 Oxidation of 
L-malate to oxaloacetate by MDH2 occurs in mitochondria as part of both the MAS 
and tricarboxylic acid (TCA) cycle. This reaction generates NADH for the electron 
transport chain. The two MDH isoenzymes act in conjunction with four additional 
components: the cytosolic and the mitochondrial aspartate aminotransferases, 
and two mitochondrial carriers: the malate-oxoglutarate carrier and the aspartate 
glutamate carrier (AGC). The latter exists in two isoforms that are expressed in a 
tissue-specific manner; AGC1 is mainly expressed in the brain and AGC2 in the liver.4 

Although both MDH enzymes have a high degree of three-dimensional structure 
conservation, they share a sequence-level homology of only ~20-25% and display 
different kinetics.5,6 Expression of MDH1 correlates with high aerobic metabolic 
demands in a tissue-specific manner. The most abundant expression is in the heart, 
skeletal muscle and brain, and to a lesser extent in smooth muscle and kidney, with 
low expression in the liver.6–8 MDH2 has a similar tissue-specific expression pattern 
as MDH1, which is consistent with the fact that they work co-operatively in the MAS 
to transport NADH across the mitochondrial membrane.8 

Since malate dehydrogenase plays a central role in metabolism via the MAS and the 
TCA cycle, it is a well-studied enzyme. Senescence is associated with decreased MDH1 
activity.9 Conversely, MDH1 depletion has been shown to induce senescence.9 The 
role of MDH1 in the nucleus has been studied less. Upon glucose deprivation, MDH1 
facilitates the binding of p53 to the promotor of downstream genes.10 Other studies 
of MDH1 in the context of human diseases have been limited to oncology. It has been 
noted that MDH1 activity correlates with the malignant potential of certain cancers, 
e.g. lung.11 This is thought to be mediated by glycolytic-related ATP production. 

No human disease-causing mutations in MDH1 have been reported to date; however, 
genetic diseases in the four other MAS components are known. The first disease 
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reported was associated with mutations in AGC2 (or SLC25A13). Patients presented 
with hyperammonemia and hepatic encephalopathy-like symptoms (OMIM #603471, 
#605814).12,13 Subsequently, AGC1 (or SLC25A12) deficiency was described in patients 
presenting with global developmental delay, encephalopathy and hypotonia (OMIM 
#612949).14,15 A deficiency in the mitochondrial aspartate aminotransferase GOT2 
leads to a similar phenotype as AGC1 deficiency, with additional hyperammonemia 
and lactic acidosis.16 The fourth defect was recently discovered in MDH2. This defect 
is also characterized by global developmental delay, epilepsy and lactic acidosis 
(OMIM #617339).17 Here we report a deficiency in MDH1 as the fifth MAS defect. Two 
patients from an extended consanguineous family were identified with a pathogenic 
homozygous MDH1 variant. They both presented with a neurological phenotype 
that includes global developmental delay, epilepsy and progressive microcephaly.

RESULTS

Clinical history
Index patient 1 is a 25-month-old Saudi boy. He was born prematurely at 32 weeks 
following an uneventful pregnancy. He spent 3 weeks in the NICU mainly for weight 
management, during which he required a blood transfusion. At age 13 months, the 
pediatrician noted a global developmental delay and progressive microcephaly (OFC 
was 35.5 cm at 3 m of age, -3.6 SD). He was able to roll over but not to sit or crawl 
and his babbling was minimal. There was episodic up-rolling of the eyes suggestive of 
seizures. At 14 months of age, physical examination revealed microcephaly (OFC 41.5 cm, 
-4.6 SD), poor growth with length of 70 cm (-2.7 SD) and weight of 8.75 kg (3rd centile), 
dysmorphic facies (tall forehead, depressed nasal bridge, prominent infraorbital creases, 
long philtrum, open mouth and everted lower lip), axial hypotonia and hypertonia of the 
extremities with hyperactive reflexes. EEG revealed a hypsarrhythmia pattern confirming 
the clinical suspicion of epilepsy. MRI brain showed partial agenesis of predominately 
the splenium of the corpus callosum, prominent ventricles, and mild hypoplasia of the 
inferior vermis and pons. He was started on antiepileptic medications with only partial 
response. His healthy consanguineous parents (Figure 2A for pedigree) had experienced 
recurrent miscarriages. His 4-year-old female cousin (Figure 2B) had a similar phenotype, 
with severe global developmental delay (walking at 3 years and a vocabulary of only a 
few words at 4 years of age), epilepsy (controlled with antiepileptic medication, Table 1), 
microcephaly (OFC 47 cm, -2 SD), and similar facial dysmorphisms (Figure 2B). Her brain 
MRI showed mild shortening of the corpus callosum and a normal pons and ventricles. 
Chromosomal microarray and exome sequencing following the routine diagnostic 
pipeline did not yield a cause for the clinical phenotype, nor did plasma amino acid, 
acylcarnitine, lactate, and urine organic acid analysis in both patients.



29|MDH1 deficiency

2

Glucose

F1,6BP

GAP DHAP G3P

Pyruvate

Pyruvate

Lactate

Asp

Mal

OAA Cit

SucFum

Acetyl-CoA

α-KG

α-KG

α-KG Asp

Glu

Glu

Mal OAA

Electron Transport Chain

Tricarboxylic Acid Cycle

Malate Aspartate Shuttle Glycerol Phosphate Shuttle

NAD+NADHNAD+NADH

NAD+NADH
NADH

NAD+

NAD+NADH

NADH

NAD+

NAD+

NAD+

MDH1

GOT1

GOT2

MDH2

mGPDH

cGPDH

IDH3

OGDH

GAPDH
Glycolysis

OGC AGC

Cytosol

IMS

IMM

Mitochondrial matrix

Q CII CIII CIVCI

Figure 1. Schematic overview of oxidative glucose metabolism and NAD(H) redox shuttles. NADH 
generated in the cytosol needs to be shuttled across the mitochondrial membrane, using NAD(H) redox 
shuttles. During glycolysis, fructose-1,6-bisphosphate (F1,6BP) is converted into glyceraldehyde-3-
phosphate (GAP) and dihydroxyacetone phosphate (DHAP). The lower part of glycolysis converts GAP 
to pyruvate, generating NADH via glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Cytosolic 
NADH is mainly shuttled into mitochondria via the malate-aspartate shuttle, which requires the action of 
cytosolic and mitochondrial malate dehydrogenase (MDH1 and MDH2). Other components are cytosolic 
and mitochondrial glutamate aspartate transaminase (GOT1 and GOT2), the mitochondrial aspartate-
glutamate carriers (AGC1 and AGC2), and the malate-oxoglutarate carrier (OGC). Pyruvate is converted 
into acetyl-CoA, which then enters the tricarboxylic acid cycle. The tricarboxylic acid cycle generates 
NADH from isocitrate dehydrogenase (IDH2), oxoglutarate dehydrogenase (OGDH), and also includes 
MDH2. Electrons of these mitochondrial NADH dehydrogenases enter the electron transport chain at 
the level of complex I (CI). In the glycerol phosphate shuttle, DHAP from glycolysis is further reduced to 
glycerol 3-phosphate (G3P) by cytosolic G3P dehydrogenase (cGPDH). Electrons from the reconversion 
to DHAP by mitochondrial GPDH enter the electron transport chain at the level of the quinol pool (Q). 
Mal, malate; OAA, oxaloacetate; α-KG, alpha-ketoglutarate; Glu, glutamate; Asp, aspartate; Cit, citrate; 
Suc, succinate; Fum, fumarate; CII, complex II (succinate dehydrogenase); CII, complex III; CIV, complex 
IV; NADH, nicotinamide adenine dinucleotide (reduced form); NAD+, nicotinamide adenine dinucleotide 
(oxidized form); IMS, intermembrane space; IMM, inner mitochondrial membrane. 
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Figure 2. A. Pedigree of the affected family. B. Clinical photographs of the two affected individuals.  
C. Autozygome analysis using Agile mapper ideogram showing the candidate autozygome in dark blue. 
D. Sequence chromatogram of the variant (top tracing corresponds to a homozygous patient, middle 
corresponds to a carrier and bottom corresponds to normal control) shown and its location on a cartoon 
of MDH1. E. Degree of conservation of the affected amino acid residue.
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WES results
We enrolled both individuals and their parents with informed consent under an 
IRB-approved research protocol (RAC#2080006) to identify the underlying cause of 
their likely autosomal recessive condition. We performed autozygome analysis as 
described before,20 which revealed four autozygous intervals that were exclusively 
shared by the two affected individuals (Figure 2C). We also proceeded with whole 
exome sequencing on the index patient and filtered the resulting variants by 
the coordinates of the candidate autozygome as described before.21 Only one 
homozygous variant was identified that was absent both in gnomAD and in a local 
database of ~2,300 ethnically matched exomes: MDH1:NM_001199111:c.413C>T 
(Figure 2D). The resulting missense variant p.Ala138Val replaces an absolutely 
conserved alanine (down to yeast and rice) in the NAD+-binding domain (Figure 2E). 
This variant segregated with the phenotype in a fully penetrant autosomal recessive 
fashion within the family. 

MDH1 deficiency leads to aberrations in MAS-related metabolites
To study the potential pathogenicity of the MDH1 variant, we assessed protein 
expression levels. MDH1 protein level was greatly reduced compared to controls in 
both lymphoblastoid cells (80%) and fibroblasts (70%) derived from both affected 
individuals (Figure 3). We then aimed to identify the metabolic consequences of 
MDH1 deficiency. To this end, MDH1 knockout HEK293 cells were generated by 
Crispr/Cas9 (Figure S1). Since the MAS plays an integral role in TCA and amino acid 
metabolism, compounds from both metabolic pathways were analyzed in dried 
bloodspots (DBS) and in MDH1 knockout cells. Targeted LC-MS/MS analysis revealed 
high concentrations of glutamate and a decreased glutamine/glutamate ratio 
compared to controls (Figures 4A and 4B) in DBS, but not in the KO cell lysates (Figure 
S2). In addition, analysis of MDH1 KO cell lysates revealed an increase in aspartate and 
a decrease in fumarate levels (Figures 4C and 4D), findings that were not observed 
in DBS (data not shown). No clear differences were found in concentrations of other 
TCA cycle intermediates, with the exception of low malate levels in one of the KO 
cell lysates (Figure S3). 
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Table 1. Clinical presentation of patients with MDH1 deficiency.

Clinical and genetic findings 

Origin Saudi Arabia Saudi Arabia

Family Family-1 Family-1

Age 2.5 years 4 years 

Sex Male Female 

Consanguinity yes yes

ID on the 
pedigree

(IV:6) (IV:2)

Genetic variant MDH1:NM_001199111::c.413C>T:p.
Ala138Val

MDH1:NM_001199111::c.413C>T:p.
Ala138Val

Zygosity Homozygous Homozygous 

NICU Product of 32 week, birth weight 1.4 kg, 
admitted at NICU for 7 days, discharged 
home with 2 kg weight, one week later, 
readmitted with respiratory distress, found 
to have mild acidosis, had repeated visit to 
the hospital because of respiratory distress

No NICU admission

Growth 
parameters

OFC 41.5 cm (-4.6 SD), length 70 cm (-2.7 
SD) and weight 8.75 kg (3rd centile)

OFC 47 cm (-2 SD)

Age at which 
growth 
parameters 
were taken 

14 months 4 years

Developmental 
History

Global developmental delay Global developmental delay

Dysmorphic 
Features

Microcephaly, plagiocephaly, bulbous nose, 
deep eyes, frontal bossing, micrognathia, 
strabismus

Microcephaly, plagiocephaly, 
bulbous nose, deep eyes, frontal 
bossing, micrognathia, strabismus

Ophthalmology Normal retina NA

Hematology Normal CBC Normal CBC

EEG Consistent with epileptic encephalopathy, 
similar to  
hypsarrhythmic pattern

Normal
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Clinical and genetic findings 

 Brain MRI Thinning and hypogenesis of the corpus 
callosum predominately the splenium. 
There is paucity of the white matter mainly 
in the posterior region with prominent 
peri-cerebral CSF spaces with asymmetry 
of the lateral ventricle predominantly 
prominent on the left side and posterior 
horn representing ex vacuo dilatation. There 
is mildly hypoplastic inferior vermis with 
mild pontine hypoplasia.

Sagittal T1 revealed mild short 
corpus callosum, however, revealed 
normal signal intensity
Axial T2 revealed mildly short 
corpus callosum, however, it shows 
normal signal intensity
Axial T2 revealed normal 
myelination process which could 
be compatible with the age of the 
patient. 3D SPGR revealed no gross 
cortical abnormalities.
Normal configuration of the 
brainstem. The pituitary gland 
revealed normal size and signal 
intensity with no gross abnormality 
seen within hypothalamus region.

Laboratory 
findings

Tandem MS urine GCMS, ammonia and 
lactate was within  
normal limits.

Tandem MS: normal, URO: normal, 
lactate: 2.3, ammonia: normal 

Diagnosis Severe progressive microcephaly, global 
developmental delay  
and epilepsy. 

Severe developmental delay and 
microcephaly

Medications Topamax 37.5 mg p.o. b.i.d and Clonazepam 
0.1 mg p.o. b.i.d.

-

Table 1. Continued
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Figure 3. Western blot analysis of MDH1 in protein extracts from LCL as well as fibroblast cells from 
the affected individuals compared to controls. Relative MDH1 expression is shown as mean ± SD for 
both patients and controls 1 and 3 in lymphoblasts. For fibroblasts, relative expression is shown as mean 
± SD for technical triplicates of the patient, and individual datapoints for both controls. 
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Figure 4. MDH1 deficiency leads to aberrations in MAS-related metabolites. A. Glutamate 
concentration and B. Glutamine/Glutamate ratio in dried bloodspots (Control n=3, MDH1 def. n=2). 
Data are presented as mean ± SD. C. Aspartate and D. Fumarate concentrations in MDH1 HEK293 cells 
(WT n=2, KO n=2). Data are presented as mean ± SD for technical triplicates.
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Untargeted metabolomics reveals increased levels of glycerol 
3-phosphate 
To map additional biochemical consequences of MDH1 deficiency, we performed 
untargeted metabolomics in both DBS and MDH1 knockout HEK293 cells using direct-
infusion mass spectrometry. Untargeted metabolomics revealed increased concentrations 
of a metabolite corresponding in mass with glycerol 3-phosphate (glycerol 3-P) in DBS of 
both individuals compared to controls (Figure 5A). All other metabolites with Z-scores 
above 2.5 are listed in supplemental Table 1. Similarly, increased levels of glycerol 3-P 
were found in MDH1 KO HEK293 cells when compared to controls (Figure 5B). However, 
since direct-infusion mass spectrometry does not distinguish between isomers, the 
identification of glycerol 3-P is limited, as beta-glycerophosphoric acid (glycerol 2-P) has 
the same mass. To this end, these findings were validated using targeted measurements 
of glycerol 3-P. In DBS of both individuals high concentrations of glycerol 3-P were found 
compared to control (Figure 5C), but in cell lysates the difference between MDH1 KO and 
controls was no longer significant (Figure 5D). 
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Figure 5. Untargeted metabolomics revealed increased levels of glycerol 3-phosphate. A. Z-scores 
annotated for glycerol 3-phosphate and beta-glycerophosphoric acid in dried blood spots (Control 
n=3; MDH1 def. n=2). B. Raw mass peak intensities annotated for glycerol 3-phosphate and beta-
glycerophosphoric acid in MDH1 HEK293 cells (WT n=2, KO n=2). C. Glycerol 3-phosphate concentration 
in dried blood spots (Control n=3; MDH1 def. n=2) and D. MDH1 HEK293 cells. Data from MDH1 HEK293 
cells are presented as mean ± SD for technical triplicates.
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DISCUSSION

We report a family with a neurodevelopmental disorder characterized by global 
developmental delay, epilepsy and progressive microcephaly and a homozygous 
MDH1 candidate causal variant. This neurological phenotype highly resembles the 
phenotype that was observed in patients with MDH2 and other MAS deficiencies 
and might, thus, well represent the clinical consequences of this group of disorders. 
A notable exception is that we did not find lactic acidemia in our patients. Since 
MDH1 and MDH2 are localized into different subcellular compartments, this is not 
surprising. Lactic acidemia is often a characteristic of mitochondrial dysfunction, 
caused by compensatory ATP-production via glycolysis.22 Lactic acidemia is expected 
in MDH2 deficiency given its role linked to the mitochondrial electron transport 
chain,17 but might not be seen in MDH1 deficiency because of hampered glycolysis. 

The mechanism of how MDH1 deficiency may cause the observed neurodevelopmental 
phenotype is unclear. Both children presented with global developmental delay, 
progressive microcephaly, epilepsy, axial hypotonia and hypertonia of the extremities. 
The combination of these clinical symptoms suggests underlying problems in 
the central nervous system. This is further supported by the abnormal findings on 
neuroimaging and would be consistent with the important role of the MAS in neurons.23 

One of the biochemical findings in dried blood spots (DBS) of both patients was the 
elevated level of glutamate. In addition, increased levels of a bile acid (3-oxo-4,6-
choladienoic acid, Table S1) were found. Since primary functions of the liver include 
breakdown of amino acids and the production and excretion of bile acids, these 
findings might indicate subclinical liver problems in the patients. The regulation of MAS 
enzymes and transporters also have an important influence on glutamate metabolism 
in the brain.23–25 Although glutamate cannot cross the blood-brain barrier, the 
increased glutamate levels in the blood may reflect similar metabolic consequences as 
in the brain. Glutamate acts as an important excitatory neurotransmitter in the brain.26 
Neurons are able to synthesize glutamate from its local precursor α-ketoglutarate via 
GOT1, using aspartate as nitrogen source.27,28 The supply of cytosolic α-ketoglutarate 
for this transamination reaction occurs via the malate-oxoglutarate carrier, which 
exchanges cytosolic malate for mitochondrial α-ketoglutarate. However, to drive this 
exchange, sufficient cytosolic malate is required. A deficiency in MDH1 might decrease 
cytosolic malate availability. In addition, glutamate homeostasis may be affected in 
these cells. Disturbances in glutamate homeostasis are also seen in patients with 
epilepsy, in which a rise in extracellular glutamate levels has been observed.29,30 Since 
both children presented with clinical symptoms of epilepsy, the increased glutamate 
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levels in dried blood spots of the patients may be associated with the neurological 
clinical phenotype of MDH1 deficiency.

In contrast, no clear differences of glutamate concentration were found in our MDH1 
KO HEK cell model compared to control. This is probably due to the fact that cell 
culture simply reflects metabolites from a single cell type, whereas dried blood spots 
reflect metabolites from multiple tissues.

Further analysis of the MDH1 KO cells identified two interesting phenomena: 
increased aspartate levels and decreased fumarate levels. Aspartate is essential for 
protein synthesis as well as for purine and pyrimidine biosynthesis.31 Increased levels 
of aspartate were also previously identified in a MDH1 KO model of Jurkat cells.32 
Transamination of aspartate to oxaloacetate by GOT1 has been shown to support 
generation of malate via MDH1.33 In MDH1 deficiency, oxaloacetate cannot be 
converted into malate, which may result in accumulation of its precursor aspartate. 
The decreased levels of fumarate in MDH1 KO cells might also indicate a disruption in 
several pathways. Cytosolic fumarate is transported into mitochondria to be recycled 
for cytosolic aspartate via the TCA cycle and MAS enzymes and transporters. A defect 
in recycling cytosolic aspartate, which is a precursor for malate in the MAS, might be 
compensated via increased conversion of fumarate to malate. Cytosolic malate have 
been shown to be essential for the transport of glutamate into mitochondria via the 
AGC,34 since malate is also a precursor of mitochondrial aspartate via oxaloacetate. In 
addition, transport of malate in mitochondria is important for pyruvate oxidation and 
feeding in the TCA cycle. The identified metabolic consequences of MDH1 deficiency 
involve metabolites that are directly linked to both substrates of MDH1. However, since 
transporters and enzymes of the MAS, TCA and also the urea cycle share overlapping 
metabolic mechanisms involving MDH1, these biochemical aberrations may reflect 
a more complex mechanism. Future work regarding functional pathway analysis is 
required to elucidate the exact role of these metabolites in MDH1 deficiency.

Using untargeted metabolomics we were able to discover a potential biomarker 
for this new deficiency. Increased levels of glycerol 3-phosphate (glycerol 3-P) 
were revealed in DBS of both patients compared to controls. The accumulation 
of glycerol 3-P may be a logical consequence of MDH1 deficiency. Glycerol 3-P is 
an oxidative product of the cytosolic NADH-dependent glycerol 3-phosphate 
dehydrogenase (GPDH) and is part of the glycerol-phosphate (glycerol-P) shuttle 
(Figure 1). This shuttle functions similarly to the MAS to mediate the cytosolic 
oxidation of NADH, but is mainly involved in triglyceride synthesis via regulation of 
cytosolic glycerol 3-P availability.35 The glycerol-P shuttle has a variable expression 
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over tissues, with highest expression in brown adipose tissue.36 There is also evidence 
of glycerol-P shuttle activity in the central nervous system, with probably a more 
dominant role for the glycerol-P shuttle in astrocytes than in neurons.37–39 Increased 
levels of glycerol 3-P may be caused by increased GPDH activity due to high cytosolic 
NADH levels, which may partly compensate the consequences of MDH1 deficiency. 

In conclusion, we propose that MDH1 deficiency is a new defect in the MAS causing 
a neurological phenotype. The elevated concentrations of glycerol-3-P in DBS of 
both patients suggest a potential role for glycerol 3-P as a biomarker in this novel 
metabolic disorder. 
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MATERIALS AND METHODS

Human subjects
Patients, parents and other available relatives were recruited under an IRB-approved 
research protocol (KFSRHC RAC #2080006) with informed consent. Venous blood 
was collected in EDTA tubes for DNA extraction and sodium heparin tubes for LCL 
establishment. A skin biopsy was also obtained from one patient for fibroblast 
culture. Bloodspots from both patients and three healthy controls were collected 
on a Guthrie card filter paper blood spot card and shipped from Saudi Arabia to the 
Netherlands. Dried bloodspots (DBS) were stored at -80 °C until analysis in a zip lock 
bag containing a silica gel bag. 

Cell culture, protein extraction and western blot of affected cells
Affected and control fibroblasts and Lymphoblastoid cell lines (LCL) were cultured in 
Minimum Essential Medium Eagle (Sigma-Aldrich, M-5650) and RPMI (Thermo Fisher 
Scientific, 22400-089) media, respectively. Both media were supplemented with 15% 
v/v heat inactivated fetal bovine serum (Thermo Fisher Scientific, Cat. No. 16140071), 
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1% v/v L- glutamine, and 1% v/v penicillin and streptomycin. Both cell types were 
cultured in a humidified, 5% CO2 atmosphere at 37 ºC. Protein extraction for western 
blot of patient cell lines was performed using RIPA buffer (Sigma-Aldrich, Cat. No. 
R0278) and protease inhibitor (Thermo Fisher Scientific, Cat No. 78438). Western blot 
was performed on affected and control protein extracts using a rabbit anti-MDH1 
polyclonal antibody (Thermo Fisher Scientific, Cat. No. PA5-50446; diluted 1:1000). 
A mouse anti-alpha Tubulin monoclonal antibody (Abcam Cat. No. ab7291; diluted 
1:1000) was used as loading control.

Generation of MDH1-knockout HEK293T cells by CRISPR-Cas9
HEK293T cells were transiently transfected with pSpCas9(BB)-2A-GFP (PX458), 
encoding a sgRNA targeting MDH1 (sgRNA1 : ATTTATCTAAGGCTGCACCC, or sgRNA2: 
CTTCTTGGCGTATTTATCTA). GFP-positive cells were sorted using a FACSAria II flow 
cytometer (BD) and plated in 10-cm dishes. Colonies were picked from these plates 
after 1 week and checked for the absence of MDH1 by western blot analysis using 
a mouse anti-MDHC (H6) monoclonal antibody (Santa Cruz cat. sc-166879; diluted 
1:5000). A mouse anti-β-Catenin monoclonal antibody (BD Biosciences Cat. 610154; 
diluted 1:5000) was used as loading control. 

Cell culture of HEK293T cells
Dulbecco’s Modified Eagle Medium (DMEM), high glucose, GlutaMAX™, pyruvate 
(Cat. No. 31966); fetal bovine serum (FBS; Cat. No. 10270); penicillin-streptomycin 
(P/S (10,000 U/mL); Cat. No. 15140) and trypsin-ethylenediaminetetraacetic acid 
(trypsin-EDTA (0.5%), no phenol red; Cat. No. 15400) were purchased from Gibco™ 
(Thermo Fisher Scientific). HEK293T cells were cultured in 75 cm2 filter cap flasks in a 
humidified, 5% CO2 atmosphere at 37 ºC. They were cultured in DMEM, high glucose, 
GlutaMAX™, pyruvate (with 10% (v/v) heat-inactivated FBS and 1% P/S (v/v)). Cells 
were passaged upon reaching confluence and medium was refreshed every 48 hours.

Collection of cell lysates for metabolomics
MDH1 WT and KO HEK293 cells were plated in 6-well plates and cultured until full 
confluency. Medium was refreshed 24 hours after plating and 24 hours before cell 
collection. Cell collection was done by washing cells with cold PBS (4 ºC), followed 
by cell scraping in 1 ml ice-cold methanol. Next, methanol samples were transferred 
into 1.5 ml Eppendorf tubes, centrifuged (16,200 g for 10 min at 4 ºC), and then 
supernatants were transferred to new 1.5 ml Eppendorf tubes. The samples were 
evaporated at 40 ºC under a gentle stream of nitrogen until complete dryness, 
and reconstituted with 500 µl of UPLC-grade methanol (room temperature). The 
reconstituted samples were stored at -80 ºC until analysis was performed.
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Targeted metabolomics by LC-MS/MS

Amino acids
To quantify amino acids in DBS and cell lysates, we adapted the UPLC-MS/MS 
method that was previously described.18 The range of calibrators were adapted to 
our samples’ concentrations. Furthermore, quality control samples that resembled 
the concentrations of our samples were used. No further adaptations were needed 
for sample preparation or analysis of the amino acids. The assay was performed for 
technical triplicates and data were corrected for total protein concentration. 

TCA cycle intermediates
The quantification of TCA cycle intermediates in cell lysates was performed using a 
Q-Exactive HF High-resolution mass spectrometer. Chromatographic separation was 
achieved by injecting 5 µl sample on an Sunshell RP-Aqua column (3 x 150 mm, 2.6 µm;  
ChromaNik Technologies Inc., Osaka, Japan). The flow rate remained constant at 0.6 
ml/min; column temperature was maintained at 40 ºC and the autosampler at 10 ºC. 
Solvent A consisted of 0.1% formic acid (v/v) dissolved in ultrapure H2O and solvent 
B was 0.1% formic acid (v/v) dissolved in acetonitrile. The mobile phase gradient 
(%B) was as follows: 0-2.75 min isocratic 0% B; 2.75-3.5 min linear gradient from 0% 
to 70% B; 3.5-6.5 min isocratic 70% B; 6.5-6.7 min linear gradient from 70% to 0% B; 
6.7-10 min isocratic 0% B for column equilibration.

The internal standard solution consisted of 2H3-pyruvate, 2H3-lactate, 2H4-citrate, 2H4-
2-oxoglutarate, 2H4-succinate, 2H4-fumarate, 2H3-malate (Sigma-Aldrich, Denmark). 
Calibration standards were prepared with internal standards in the concentration 
range of 0.15 – 100 µM. 20 µl internal standard solution was added to 0.5 ml 
methanol cell extract, evaporated with nitrogen and reconstituted in a mixture of 
25 µl 0.1% NaOH and 25 µl 10mg/ml O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine 
dissolved in ultrapure H2O. Samples were derivatized in a thermomixer at 1000 rpm 
for 30 minutes.

Samples were detected in full scan negative ionisation mode with a scan range of 
70-400 m/z and a resolution of 240000. Parameters for negative ESI were as follows: 
capillary voltage = 4 kV, capillary temperature = 300 ºC, automatic gain control 
target = 1e6, sheath gas = 50, aux gas = 20, spare gas = 0, S-lens RF level = 65. 
Peak integration was performed using TraceFinder software (Thermo Scientific). The 
concentration of each analyte was calculated using the calibration curve. The assay 
was performed for technical triplicates of cell lysates and data were corrected for 
total protein concentration.
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Glycerol 3-phosphate
Quantification of glycerol 3-phosphate in DBS and cell lysates was performed 
on a Thermo Q-Exactive HF liquid chromatography system (Thermo Scientific, 
Bremen, Germany). Samples were prepared by taking a 3-mm punch from each 
DBS and adding 500 µl methanol absolute ULC/MS (Biosolve BV, Valkenswaard, 
The Netherlands), followed by a 20-minute ultrasonication step. For cell lysates 
from HEK293 cells, 500 µl sample was used. Calibration standards were prepared 
with internal standards in the concentration range of 0.24-290 µM. 20 µl of 13C3-
Lactate internal standard (1 mM) was added to 500 µl methanol sample extract or 
50 µl standard dilutions. Next, the samples were evaporated under a gentle flow of 
nitrogen at 40 °C and reconstituted in 30% Methanol/Milli-Q water. Chromatographic 
separation was performed on a Dionex ultimate 3000 quaternary UHPLC (Thermo 
Scientific, Germering, Germany) equipped with a refrigerated autosampler (15 ºC) 
and a column heater (55 ºC) using a Synergi Hydro-RP 80A column (250 mm x 2 mm 
i.d., 4 µm; Phenomenex (Macclesfield, Cheshire, UK)). The following eluents were 
used: solvent A contained 10% methanol (v/v) and 750 mg/L octylammonium acetate 
(w/v) dissolved in water provided by a Millipore system; solvent B contained 90% 
methanol (v/v) and 750 mg/L octylammonium acetate (w/v). The gradient elution 
was as follows: 0–7.0 min isocratic 20% B, 7.0–8.5 min linear from 20% to 100% B, 
8.5–11.5 min isocratic 100% B, and 11.5–12.0 linear from 100% to 20% B, with 12.0–15 
min for initial conditions of 20% B for column equilibration. The flow rate remained 
constant at 0.5 ml/min. Injection volume was 5 µl. The octylammonium acetate was 
made by dissolving 0.1 mol of octylamine (12.9 g) and 0.1 mol of concentrated acetic 
acid (6 g) in 100 ml of diethyl ether on an ethanol/dry ice bath. The cooled solution 
was constantly mixed with a magnetic stirrer. After the octylammonium acetate salt 
crystallized, the ether was removed and the solid crystals were washed twice with 50 
ml of n-hexane. Before preparation of the HPLC eluents, the octylammonium acetate 
was frozen at -20 ºC. Sodium L-lactate-13C3 solution 45-55 % (w/w) in H2O, octylamine, 
and L-Glycerol 3-phosphate lithium salt were purchased from Sigma-Aldrich. Acetic 
acid (>99% purity) was purchased from Merck, Sharpe & Dohme BV.

Detection of glycerol 3-phosphate was performed using a Q-Exactive HF mass 
spectrophotometer (Thermo Scientific, Bremen, Germany) with an ESI source 
operating in full scan negative ionisation mode. Parameters for ESI-MS analysis 
in negative ion mode were as follows: scan range 70 to 600 m/z with a resolution 
of 120,000, AGC target: 1e6, maximum IT: 200 ms, capillary voltage: 4 kV, capillary 
temperature: 300 ºC, sheath gas: 50, aux gas: 20, sweep gas: 0, S-lens RF level: 65. 
Quantification m/z for the compounds measured in the negative ion mode were as 
follows: 13C3-lactate: 92.03448 m/z, glycerol 3-phosphate: 171.0064 m/z. Data were 
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acquired and processed using Thermo Scientific Xcalibur v 4.1.31.9 and Tracefinder 
v.4.1. The assay was performed for technical triplicates of cell lysates and data were 
corrected for total protein concentration. 

Direct-infusion-based metabolomics
A non-quantitative direct-infusion high-resolution mass spectrometry metabolomics 
method was used as previously described.19 In brief, dried blood spots (DBS) from 30 
different Dutch controls, 3 Saudi Arabic controls and both patients were measured 
in a single batch. A 3-mm punch was made from each DBS and 140 µl working 
solution was added, followed by a 20-minute ultrasonication step. For cell lysates 
from HEK293 cells, 70 µl cell working solution was added to 70 µl of cell lysate in 
methanol. Both DBS and cell lysate samples were diluted with 60 µl 0.3% formic acid 
(Emsure, Darmstadt, Germany). Next, the solutions were filtered using a methanol 
preconditioned 96-well filter plate (Acro prep, 0.2 um GHP, NTRL, 1 ml well; Pall 
Corporation, Ann Arbor, MI, USA) and a vacuum manifold. The sample filtrate was 
collected in a 96-well plate (Advion, Ithaca, NY, USA).

Samples were analyzed using a TriVersa NanoMate system (Advion, Ithaca, NY, 
USA) controlled by Chipsoft software (version 8.3.3, Advion). Data acquisition was 
performed using Xcalibur software (version 3.0, Thermo Scientific, Waltham, MA, 
USA). A peak-calling pipeline, developed in R-programming language, annotated the 
raw mass spectrometry data according to the Human Metabolome DataBase (HMDB).

For each annotated mass peak in the DBS samples, the deviation of the intensities of 
the sample of interest compared to the control samples was indicated by a Z-score. 
This Z-score was calculated by: Z-score = (intensity patient sample – mean intensity 
control samples)/standard deviation intensity control samples. Next, metabolites 
were identified as increased when Saudi Arabic controls had a Z-score below 2.5 
and patients had Z-scores above 2.5. The list of increased metabolites is displayed in 
Table S1, sorted from highest to lowest mean Z-score. 
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SUPPLEMENTARY MATERIAL

Figure S1. Western Blot analysis showing malate dehydrogenase 1 (MDH1) and beta-catenin expression 
in wildtype (WT) and knockout (KO) clones.
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Figure S2. A. Glutamate concentration in MDH1 HEK293 WT and KO clones. B. Glutamine/Glutamate 
ratio in MDH1 HEK293 WT and KO clones. Data are presented as mean ± SD for technical triplicates.
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Figure S3. A. Concentration of intermediates of the tricarboxylic acid cycle in MDH1 HEK293 WT and 
KO clones . B. Raw mass peak intensities annotated for oxalacetic acid in MDH1 HEK293 cells. Data are 
presented as mean ± SD for technical triplicates.
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Table S1. Z-scores for compounds identified in DBS of two patients with MDH1 deficiency (P1 and P2).

Compound name P1.1 P1.2 P2.1 P2.2 Mean 

1 MG(0:0/18:2(9Z,12Z)/0:0);
MG(18:2(9Z,12Z)/0:0/0:0)

25.8 42.3 49.2 41.4 39.7

2 3-Oxo-4,6-choladienoic acid 21.6 34.2 39.1 41.9 34.2

3 CPA(16:0/0:0) 19.0 30.5 34.6 37.6 30.4

4 Glycerol 3-phosphate; Beta-Glycerophosphoric acid 34.6 28.7 12.7 21.2 24.3

5 5,6-Epoxy-8,11,14-eicosatrienoic acid; 
8,9-Epoxyeicosatrienoic acid; 14R,15S-EpETrE; 
15(S)-HETE; 14,15-Epoxy-5,8,11-eicosatrienoic acid; 
11,12-Epoxyeicosatrienoic acid; 8-HETE; 16(R)-HETE; 
11(R)-HETE; 20-Hydroxyeicosatetraenoic acid; 12-HETE; 
18-Hydroxyarachidonic acid; 9-HETE; 11,12-EpETrE; 
5-HETE; 19(S)-HETE; 10-HETE; 13-HETE; 17-HETE; 12 
Hydroxy arachidonic acid; Arachidonate

50.8 8.9 10.4 8.6 19.7

6 Cervonoyl ethanolamide 8.4 18.3 13.3 13.8 13.5

7 LPA(P-16:0e/0:0) 8.2 17.9 13.0 14.3 13.4

8 MG(0:0/18:1(11Z)/0:0); MG(0:0/18:1(9Z)/0:0); 
MG(18:1(11Z)/0:0/0:0); MG(18:1(9Z)/0:0/0:0)

7.2 15.7 11.0 14.4 12.1

9 Neurine 8.8 9.7 10.2 19.4 12.0

10 MG(0:0/20:3(11Z,14Z,17Z)/0:0); 
MG(0:0/20:3(5Z,8Z,11Z)/0:0); 
MG(0:0/20:3(8Z,11Z,14Z)/0:0); 
MG(20:3(11Z,14Z,17Z)/0:0/0:0);
MG(20:3(5Z,8Z,11Z)/0:0/0:0); 
MG(20:3(8Z,11Z,14Z)/0:0/0:0);

11.8 10.4 8.2 8.8 9.8

11 2-Arachidonylglycerol; MG(0:0/20:4(8Z,11Z,14Z,1
7Z)/0:0);
MG(20:4(5Z,8Z,11Z,14Z)/0:0/0:0);
MG(20:4(8Z,11Z,14Z,17Z)/0:0/0:0);

10.3 8.7 8.3 7.1 8.6

12 Inosinic acid; Inosine 2’-phosphate 9.0 6.2 10.3 5.2 7.7

13 Threonic acid 6.5 5.9 8.3 6.1 6.7

14 13S-hydroxyoctadecadienoic acid; Alpha-
dimorphecolic acid; 9,10-Epoxyoctadecenoic acid; 
12,13-EpOME; 9-HODE

4.7 3.4 7.2 10.4 6.4

15 Diacetylspermine 16.0 2.5 3.1 2.7 6.1

16 MG(0:0/14:0/0:0); MG(14:0/0:0/0:0) 5.8 6.2 6.3 2.3 5.2

17 PE(P-16:0e/0:0) 11.2 2.7 2.4 2.2 4.7

18 MG(0:0/16:1(9Z)/0:0); MG(16:1(9Z)/0:0/0:0) 4.8 5.2 5.5 2.5 4.5

19 CPA(18:2(9Z,12Z)/0:0) 4.8 3.8 5.1 2.9 4.1

20 Glyceric acid; L-Glyceric acid 2.1 2.4 2.5 8.0 3.7

21 Hypoxanthine 2.4 2.1 2.3 7.7 3.6

22 Ribitol; D-Arabitol; L-Arabitol 2.9 2.6 3.5 4.9 3.5

23 N-Decanoylglycine 3.7 2.0 2.9 3.8 3.1

24 7b-Hydroxy-3-oxo-5b-cholanoic acid; MG(0:0/22:6(4Z,7
Z,10Z,13Z,16Z,19Z)/0:0)
MG(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/0:0/0:0)

2.4 2.7 4.1 2.4 2.9
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ABSTRACT

Over the last few years, various inborn disorders have been reported in the 
malate- aspartate shuttle (MAS). The MAS consists of four metabolic enzymes and 
two transporters, one of them having two isoforms that are expressed in different 
tissues. Together they form a biochemical pathway that shuttles electrons from the 
cytosol into mitochondria, as the inner mitochondrial membrane is impermeable to 
the electron carrier NADH. By shuttling NADH across the mitochondrial membrane 
in the form of a reduced metabolite (malate), the MAS plays an important role in 
mitochondrial respiration. In addition, the MAS maintains the cytosolic NAD+/NADH 
redox balance, by using redox reactions for the transfer of electrons. This explains 
why the MAS is also important in sustaining cytosolic redox-dependent metabolic 
pathways, such as glycolysis and serine biosynthesis. The current review provides 
insights into the clinical and biochemical characteristics of MAS deficiencies. To 
date, five out of seven potential MAS deficiencies have been reported. Most of them 
present with a clinical phenotype of infantile epileptic encephalopathy. Although not 
specific, biochemical characteristics include high lactate, high glycerol 3-phosphate, 
a disturbed redox balance, TCA abnormalities, high ammonia and low serine, 
which may be helpful in reaching a diagnosis in patients with an infantile epileptic 
encephalopathy. Current implications for treatment include a ketogenic diet, as well 
as serine and vitamin B6 supplementation.

Keywords: AGC1; AGC2; GOT2; MDH1; MDH2; NAD(H); inborn metabolic disorder; 
malate-aspartate shuttle; redox
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INTRODUCTION

In the last few years, several inherited metabolic disorders (IMDs) affecting the 
malate-aspartate shuttle (MAS) have been discovered. The MAS is a redox shuttle 
which plays an essential and indispensable role in the redox balance both in 
mitochondria as well as the cytosol. Nutrients that enter the cytosol are oxidized 
in metabolic pathways by many different enzymes that use NAD+ as a cofactor. 
These metabolic pathways generate cytosolic reducing equivalents in the form of 
NADH which need to enter the mitochondrion to be used for energy production. 
As the inner mitochondrial membrane is impermeable to NADH molecules, the 
MAS transports the cytosolic reducing equivalents, or electrons, from the cytosol 
across the membrane.1 Eventually, electrons are supplied to the electron transport 
chain in the form of NADH for ATP production. Simultaneously, the MAS regenerates 
cytosolic NAD+. This cytosolic NADH re-oxidation system maintains the highly 
compartmentalized NAD+/NADH balance, which is essential for cellular energy 
metabolism and is also the driving force for NAD+-dependent reactions in the 
cytosol for instance in the biosynthesis of serine.2 The MAS is thus a redox shuttle 
that supports oxidative pathways as well as oxidative phosphorylation.3

The MAS is particularly important for the central nervous system,4 where it is also 
involved in the synthesis of aspartate and glutamate for neurotransmission.5 The 
fact that patients with a deficiency in one of the components of the MAS present 
with predominant neurological signs and symptoms emphasizes the importance of 
the MAS for neurological functioning.6–12 Early infantile epileptic encephalopathy is 
a common phenotype observed in patients with a defect in the MAS but is currently 
attributed to over 80 different genetic diseases in the OMIM database13 and over 30 
in the IEMbase.14 Since these clinical phenotypes are unspecific, insights into the 
clinical and biochemical phenotypes of MAS deficiencies could help narrowing down 
the differential diagnosis. 

In this literature review the clinical phenotypes and biochemical characteristics 
of the different MAS deficiencies identified up to now will be discussed. These 
MAS deficiencies are, at least in part, amenable to targeted treatments, making 
early diagnosis important. In order to gain additional insight in the MAS and MAS 
disorders, biochemical clues and possible biochemical mechanisms linking the 
clinical phenotypes will be explored.
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Historical perspective
In 1949, Friedkin and Lehninger proved that NADH links key metabolic pathways and 
processes such as the citric acid cycle and mitochondrial ATP synthesis,15,16 setting 
the path to the discovery that ATP synthesis and NADH oxidation by oxygen are 
coupled. Later work showed that these processes are linked to proton translocation 
across the inner mitochondrial membrane, and led to the concept of a protonmotive 
force (about 200 mV) driving chemiosmotically ATP synthesis.17 A key requirement for 
mitochondrial NADH oxidation is the continuous entry of reducing equivalents such 
as NADH into the mitochondria. However, the pioneer experiments of Kennedy and 
Lehninger with isolated mitochondria,18 led to the conclusion that cytosolic NADH is 
not directly oxidized by isolated rat-liver mitochondria, indicating that mitochondrial 
membranes are impermeable to NADH.19 Consequently, NADH had to be re-oxidized 
in the cytosol, reducing another acceptor that could permeate into mitochondria.1 
In 1962, Piet Borst postulated that reducing equivalents could be shuttled across the 
mitochondrial membrane by using substrate cycles involving malate and aspartate, 
thus formulating the malate-aspartate cycle.20,21 Today, the MAS is a well-established 
mitochondrial electron shuttle.22–24 An excellent historical and personal perspective 
of the MAS has been published recently by its discoverer, Piet Borst.25

Enzymes and transporters of the Malate-Aspartate Shuttle
Four enzymes and two mitochondrial carriers cooperate to transport reducing 
equivalents across the inner mitochondrial membrane (Figure 1). Enzymes of the 
MAS include cytosolic and mitochondrial NAD(H)-dependent malate dehydrogenase 
(EC 1.1.1.37; respective encoding genes, MDH1 and MDH2), as well as cytosolic and 
mitochondrial aspartate aminotransferase (EC 2.6.1.1; respective encoding genes, 
GOT1 and GOT2). The two mitochondrial carriers are the oxoglutarate/malate carrier 
(OGC; gene SLC25A11) and the two isoforms of the aspartate-glutamate carrier, AGC1 
(also known as Aralar; gene SLC25A12) or AGC2 (also known as Citrin; gene SLC25A13). 

The MAS components are mainly expressed in high-energy demanding tissues, 
such as the brain, heart and liver, reflecting their critical roles in energy production. 
Malate dehydrogenases, aspartate aminotransferases and OGC show relatively high 
expression in the brain, heart and skeletal muscle.26 Isoforms of AGC are expressed 
in a tissue-specific manner.27 Whereas AGC1 is highly expressed in the brain, heart, 
central nervous system and skeletal muscle, AGC2 is only abundant in the epithelial 
lining of the intestine and in the liver.27–29 Both isoforms are regulated by cytosolic 
calcium.27 MDH2 is more ubiquitously expressed than other MAS genes, probably 
reflecting its direct involvement in the TCA cycle. Not every MAS gene is expressed 
in all the tissues. In liver, AGC2, MDH2, GOT1 and GOT2 are strongly expressed, but 
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MDH1 and OGC have low expression.26 Some tissues, such as the lung, have low 
expression of all MAS genes.

The MAS can be considered to start in the cytosol with the reduction of oxaloacetate 
to malate by MDH1, which is obligatory coupled to the oxidation of NADH to NAD+, 
thus regenerating NAD+ in the cytosol. Malate can enter the mitochondrial matrix by 
an electroneutral antiporter mechanism that exchanges malate for mitochondrial 
matrix 2-oxoglutarate, which is mediated by the OGC.24,30 Next, malate is re-oxidized 
in the mitochondrial matrix by MDH2 and NAD+ to yield NADH and oxaloacetate. 
In this way, reducing equivalents are introduced into the mitochondria without 
passage of NADH across mitochondrial membranes. The oxaloacetate produced 
in the mitochondrial matrix can be converted to aspartate by transamination by 
the pyridoxal phosphate-dependent enzyme GOT2, using glutamate as the amino 
group donor and as the source of the 2-oxoglutarate that is exchanged for malate 
by OGC. Mitochondrial aspartate is then exported to the cytosol across the inner 
mitochondrial membrane by the Aralar or Citrin carriers (AGC isoforms), in exchange 
for cytosolic glutamate and a proton. The electrogenic nature of the glutamate/
aspartate antiporting mechanism implies that AGC is essentially irreversible, at 
least under energized conditions.31,32 Lastly, cytosolic oxaloacetate is regenerated 
by transamination from aspartate to cytosolic 2-oxoglutarate by GOT1 (Figure 1), 
regenerating the cytosolic glutamate needed for exchange with aspartate. 

The role of the Malate-Aspartate Shuttle in metabolism
A major role of the MAS in metabolism is the net transfer of NADH over the inner 
mitochondrial membrane for oxidative phosphorylation. Simultaneously, the 
MAS maintains the cytosolic redox state by balancing the NAD+/NADH ratio via 
regeneration of NAD+. NAD+ is an important cofactor that serves as a carrier for the 
net removal of electrons from metabolites (oxidation).33 NAD+ impacts metabolism in 
several ways, both directly as well as via the NAD+/NADH ratio.34 Indeed, the absolute 
NAD+-pool plays a key role in cellular signaling, transcriptional regulation and DNA 
damage repair via protein and nucleic acid modifications, since NAD+ is the driving 
force behind different enzymes including the various members of the sirtuins family 
as well as the different poly (ADP)-ribose polymerases (PARPs).35,36 In these reactions 
NAD+ is not reduced to NADH but instead converted into other metabolites. On the 
other hand, the NAD+/NADH ratio determines the preferred direction of reactions 
that are NAD(H)-dependent. In general, cells favor a high cytosolic NAD+/NADH ratio 
(~500-1000) which drives oxidative pathways, whereas the mitochondrial NAD+/
NADH ratio is much lower (~5-10).34,37,38 Transfer of cytosolic reducing equivalents 
to the electron transport chain (ETC) against this 10-100 fold difference in NAD+/
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NADH ratio, as mediated by the MAS, is energetically unfavorable. It can only take 
place because the electrogenic AGC is driven by the electrical potential gradient 
across the inner mitochondrial membrane (~200 mV), which is generated by proton 
pumping coupled to the electron transport chain.24 Thus, MAS activity is intimately 
linked to electron transport through the respiratory chain. In addition, AGC1-
mediated cytosolic calcium sensing has recently been shown to be essential for the 
control of oxidative phosphorylation by regulating mitochondrial pyruvate supply, 
as demonstrated in a knockout mouse model in which the mitochondrial calcium 
transporter was deleted.39 
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Figure 1. The Malate-Aspartate shuttle. Cytosolic malate dehydrogenase (MDH1) transfers the 
reducing equivalents from NADH to oxaloacetate (OAA). This reaction generates malate (Mal) and 
replenishes cytosolic NAD+. Cytosolic malate is then transported across the inner mitochondrial 
membrane via the malate-2-oxoglutarate carrier (OGC), which exports 2-oxoglutarate (2-OG) from the 
mitochondrial matrix into the cytosol simultaneously. Next, malate is re-oxidized by mitochondrial MDH2 
to form oxaloacetate and NADH. Oxaloacetate is transaminated into aspartate (Asp) by mitochondrial 
aspartate aminotransferase (GOT2). This transamination reaction uses cytosolic glutamate (Glu) as 
nitrogen donor, which is converted into 2-oxoglutarate. Mitochondrial aspartate is transported across 
the inner mitochondrial membrane via the aspartate-glutamate carrier (AGC) in exchange for cytosolic 
glutamate and a proton (H+). Lastly, aspartate is converted into oxaloacetate by cytosolic aspartate 
aminotransferase (GOT1) to maintain malate-aspartate shuttle activity.
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Metabolic flux through NAD+-dependent pathways affects cytosolic and mitochondrial 
NAD+/NADH ratios. Glycolysis is an important NAD+-dependent pathway that both 
affects and is affected by the cytosolic NAD+/NADH ratio. For glycolysis to continue, a 
high NAD+/NADH ratio is required for the conversion of glyceraldehyde 3-phosphate 
into 1,3-bisphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH, EC 1.2.1.12), in which NAD+ is converted into NADH.40,41 Re-oxidation of 
NADH can either be accomplished via the conversion of pyruvate to lactate by lactate 
dehydrogenase (LDH, EC 1.1.1.27) or by the conversion of oxaloacetate into malate by 
MDH1 (Figure 2). Converting glucose into lactate consumes and regenerates an equal 
amount of NAD+,33,37 and additionally results in the production of 2 ATP molecules per 
glucose molecule. However, re-oxidation of NADH via MDH1, and the subsequent 
transfer of reducing equivalents to the ETC, coupled with the transfer of pyruvate 
across the mitochondrial membrane and its subsequent full oxidation to CO2 and 
H2O, results in the production of 36 ATP molecules per glucose molecule. Therefore, 
re-oxidation of NADH via the MAS provides more energy as it supports both glycolysis 
and mitochondrial respiration.42 In addition, sufficient NAD+-regeneration is also 
necessary for oxidative synthesis of nucleotides and amino acids, such as serine. The 
first step of serine biosynthesis is catalyzed by phosphoglycerate dehydrogenase 
(PHGDH, EC 1.1.1.95), another NAD+-dependent enzyme. The synthesis of serine from 
glucose, includes two oxidative steps catalyzed by GAPDH and PHGDH, requiring two 
molecules of NAD+. Therefore, other metabolic pathways that need serine, including 
synthesis of cysteine, glycine, but also one-carbon metabolism, indirectly require 
NAD+.37 The MAS plays an essential role in redox balance and consequently in the 
continuation of the metabolic pathways mentioned above. 

Next to their roles in cellular redox balance, some of the MAS enzymes play a role in 
anabolic and catabolic processes. Via transamination of oxaloacetate and glutamate by 
GOT2, the MAS is involved in the synthesis of aspartate. Whereas a cycle of the MAS as 
discussed above only results in a net transfer of electrons, de novo synthesis of aspartate 
can take place if oxaloacetate is supplied via pyruvate carboxylase. However, the major 
source of aspartate is oxidative glutamine metabolism. Here, glutamine carbons enter 
the TCA cycle as 2-oxoglutarate, which is further oxidized into oxaloacetate via MDH2.43 
Oxaloacetate is then further converted to aspartate via GOT2. Inhibition of the ETC 
impairs aspartate biosynthesis via a drop in the mitochondrial NAD+/NADH ratio, which 
implies that mitochondrial respiration sustains aspartate biosynthesis.43,44 Aspartate is 
essential for cell proliferation, as it is a precursor for purine and pyrimidine synthesis. In 
liver, aspartate is also involved in the urea cycle. Thus, the MAS is important for aspartate 
synthesis by providing its precursor oxaloacetate via MDH2 followed by transport of 
aspartate to the cytosol by AGC, thereby impacting several other metabolic pathways. 
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The glycerol 3-phosphate shuttle
An alternative shuttle linked to the MAS via transfer of redox equivalents may be 
of importance if MAS activity is deficient.1,45 In addition to the MAS, the glycerol 
3-phosphate shuttle also transfers cytosolic reducing equivalents into the ETC. In 
1958, two independent groups proposed the glycerol 3-phosphate shuttle, also 
known as the glycerophosphate (GP) shuttle.46,47 In this shuttle, cytosolic glycerol 
3-phosphate dehydrogenase (GPD1, EC 1.1.1.8) transfers reducing equivalents of 
NADH to dihydroxyacetone phosphate with concomitant formation of glycerol 
3-phosphate (G3P) and NAD+ (Figure 2). Via the enzyme GPD2 (EC 1.1.5.3), which is 
bound to the cytosolic face of the mitochondrial inner membrane, G3P is re-oxidized 
into dihydroxyacetone phosphate, whilst flavin adenine dinucleotide (FAD) is 
reduced to FADH2. FADH2 then transfers two electrons to ubiquinone (coenzyme Q),  
reducing it to ubiquinol, which subsequently enters the ETC at complex III. Two GPD 
enzymes form the GP shuttle, of which GPD2 is rate-limiting. Mammalian GPD2 is mainly 
expressed in brown adipose tissue, muscle and brain, with a lower expression in liver 
and heart.48 Various glycolytic cells have expression of the GP-shuttle, including beta-
pancreatic cells.49–51 Whereas the MAS connects glycolysis, the TCA cycle and the ETC, 
the GP-shuttle acts as a connection between glycolysis, glycerol metabolism and ETC.48

Inborn disorders of the Malate-Aspartate Shuttle 
Like the majority of IEM, MAS deficiencies form a group of rare diseases, with only a 
few reported patients. The most common disorder is AGC2 or citrin deficiency, which 
occurs at a relatively high frequency in Japan and Southeast Asia. The molecular 
basis of this deficiency was identified in 1999.52 A few years later, the role of the AGC2 
isoform AGC1, or aralar, was reported in a mouse model and the first patient with 
AGC1 deficiency was reported in 2009.9,53 MDH2 deficiency was first described in 
2017 and in 2019 deficiencies in GOT2 and MDH1 were published.6–8 No deficiencies 
in GOT1 and OGC have been reported to date. 

As all MAS genes are highly expressed in brain, it is not surprising that the majority 
of MAS deficiencies affect the central nervous system. Deficiencies in GOT2, MDH1, 
MDH2 and AGC1 all present with early infantile epileptic encephalopathy, with 
abnormalities in myelination, hypoplasia and atrophy in the central nervous system. 
Since AGC2 is only expressed in liver, AGC2 deficiency leads to a more liver-specific 
disease. Table 1 comprises published data composed of biochemical and phenotypical 
findings. Because of the distinct phenotype of AGC2 deficiency compared to the other 
four MAS deficiencies, AGC2 was excluded from a more comprehensive overview of 
the neurological phenotypes, which is provided in Table 2.
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Figure 2. Malate-Aspartate Shuttle in cellular redox metabolism. Schematic view of cellular 
redox metabolism involving glycolysis, serine biosynthesis, the tricarboxylic acid (TCA) cycle, the 
malate -aspartate shuttle and glycerol-3 phosphate shuttle. In glycolysis, cytosolic NADH is generated 
by the oxidation of glyceraldehyde 3-phosphate (GA3P) by glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). GA3P can be isomerized into dihydroxyacetone phosphate (DHAP), which is converted into 
glycerol 3-phosphate (G3-P) by glycerol 3-phosphate dehydrogenase 1(GPDH1) as part of the glycerol 
3 phosphate shuttle. Serine biosynthesis branches from glycolysis at the level of 3-phosphoglycerate 
(3-PG), which is oxidized by phosphoglycerate dehydrogenase (PHGDH). Pyruvate is oxidized to 
lactate by lactate dehydrogenase (LDH), to sustain glycolysis by NAD+-regeneration. Pyruvate in the 
mitochondria is converted to either Acetyl-CoA by pyruvate dehydrogenase (PDH) to enter the TCA 
cycle, or oxaloacetate by pyruvate carboxylase (PC) for the de novo synthesis of aspartate via glutamate-
oxaloacetate transaminase (GOT2). Within the TCA cycle NADH is generated via isocitrate dehydrogenase 
3 (IDH3), oxoglutarate dehydrogenase (OGDH), and malate dehydrogenase 2 (MDH2). Malate in the TCA 
cycle is either derived from the conversion of fumarate or can be supplied from the cytosol via activity of 
the malate-aspartate shuttle. Citrate, exported from the mitochondria, is converted to oxaloacetate by 
ATP citrate lyase (ACLY), which in turn can be converted to malate via malate dehydrogenase 1 (MDH1). 
Malate can enter the mitochondria via the malate-2-oxoglutarate carrier or citrate carrier. Additional 
abbreviations: ACO, aconitase; *AT, aminotransferases; CS, citrate synthethase; FH, fumarate hydratase; 
GDH, glutamate dehydrogenase; GLS, glutaminase.
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MDH1 deficiency 
Two cousins from a highly consanguineous family were identified with a pathogenic 
homozygous variant in the NAD+-binding domain of MDH1.6 Both patients presented 
with an early neurological phenotype of global developmental delay, epilepsy and 
progressive microcephaly (Tables 1 and 2). In addition, dysmorphic features such as 
plagiocephaly, a bulbous nose, deep eyes, micrognathia and strabismus were present 
in both patients. Epilepsy in one of the patients was controlled using antiepileptic 
medication. Magnetic resonance imaging (MRI) of the brain in one patient revealed 
partial agenesis of predominantly the splenium of the corpus callosum, prominent 
ventricles, and mild hypoplasia of the inferior vermis and pons. The other patient’s 
brain MRI showed mild shortening of the corpus callosum and a normal pons and 
ventricles. In both individuals amino acids, acylcarnitines and lactate levels in 
plasma were normal, as were organic acids in urine. A definite diagnosis was made 
by exome sequencing. Further biochemical investigations in dried blood spots of the 
patients revealed increased levels of glutamate and G3P, suggesting that G3P may 
be a biomarker for MDH1 deficiency. Additional investigations at the cellular level 
revealed decreased levels of fumarate and increased levels of aspartate in MDH1 KO 
HEK293 cells compared to control. 

The increased levels of G3P in dried blood spots may provide mechanistic insights 
in MDH1 deficiency. As described above, GPD1 is a cytosolic enzyme that, similar to 
MDH1, is part of a NADH redox shuttle to recycle cytosolic NAD+. Although the GP 
shuttle is less efficient in ATP production than the MAS, it is potentially suitable as 
a compensatory mechanism for generating cytosolic NAD+ in MDH1 deficiency. As 
mitochondrial GPD2 is the rate-limiting step of the GP shuttle, increased activity of 
the GP shuttle may lead to accumulation of G3P in cytosol. In addition, untargeted 
metabolomics analysis in dried blood spots of the patients revealed increased 
levels of unsaturated fatty acids, which may also serve as an additional cytosolic 
NAD+-recycling mechanism.54 
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Table 2. Comprehensive overview of malate-aspartate shuttle deficiencies presenting with a clinical 
neurological phenotype (based on published data, HPO database58 and OMIM database59). 

Clinical features HPO ID Deficiency 

  MDH1 MDH2 GOT2 AGC1

    n=2 n=3 n=4 n=5

Failure to thrive HP:0001508   2/3 4/4  

Microcephaly HP:0000252 2/2 4/4 3/5

Ocular

Strabismus HP:0000486 2/2 2/3

Retinitis pigmentosa HP:0008035 1/3

Gastro-intestinal          

Constipation HP:0002019 2/3 1/5

Feeding difficulties HP:0011968     4/4  

Neurological

Developmental

Global developmental delay HP:0001263 2/2 3/3 4/4 4/5

Intellectual disability, severe HP:0010864     2/4 1/5 

Intellectual disability, profound HP:0002187 2/4

Absent speech HP:0001344 1/2 2/3 4/4 4/5

Epilepsy

Epileptic encephalopathy HP:0200134 2/2 3/3 4/4 5/5

Seizures HP:0001250 2/2 3/3 4/4 5/5

Tonus abnormalities

Dystonia HP:0001332 2/3

Hyporeflexia HP:0001265 1/3

Infantile axial hypotonia HP:0009062 1/2 3/3

Severe muscular hypotonia HP:0006829     4/4 5/5

Hypertonia HP:0001276 1/2 1/5

Spastic quadriplegia HP:0002510 2/4 1/5

Spastic paraparesis HP:0002313 2/4

Hyperreflexia HP:0001347 1/2   2/4 1/5

Hyporeflexia HP:0001265 1/3

Pyramidal signs HP:0007256   2/3    

Non-ambulatory HP:0002540 2/3 3/4 3/5

Movement disorder  

Dyskinesia HP:0100660 1/3
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Clinical features HPO ID Deficiency 

  MDH1 MDH2 GOT2 AGC1

    n=2 n=3 n=4 n=5

Neuro-imaging (MRI/MRS)

Cerebral atrophy HP:0002059   2/3 3/4  4/4

Cerebellar atrophy HP:0001272 1/3 1/4

Delayed myelination HP:0012448   1/3   3/4

Cerebral hypomyelination HP:0006808       3/4

Hypoplasia of the pons HP:0012110 1/2      

Hypoplasia of corpus callosum HP:0002079 2/2 1/3 3/4 1/4

Inferior vermis hypoplasia HP:0007068 1/2   3/4  

Multicystic encephalomalacia HP:0040197     1/4  

High myoinositol in brain by MRS HP:0025460       3/3

Elevated brain lactate level by MRS HP:0012707 2/3 2/4 

Reduced brain N-acetyl aspartate 
level by MRS

HP:0012708       3/3

Findings from other studies provide supporting or additional biochemical insights 
in case of a defect in MDH1. These findings include accumulation of aspartate which 
was found in three different experimental models: after knockdown of MDH1 in 
PANC-1 cells, in MDH1 KO HEK293 cells and in a MDH1 KO model of Jurkat cells.6,43,60 
In addition, accumulation of oxaloacetate and decreased levels of malate were 
reported in MDH1 knockdown PANC-1 cells. Furthermore, a knockdown model of 
MDH1 in fibroblasts showed a decreased NAD+/NADH ratio61. These fibroblasts had a 
senescent phenotype with a low-proliferative state, suggesting a role for decreased 
MDH1 activity in cellular senescence.61 Secondary consequences of MDH1 deficiency 
include a decreased ratio between reduced and oxidized glutathione (GSH/GSSG) as 
was observed in MDH1 KD PANC-1 cells. MDH1 was suggested to play a role in anti-
oxidant defense by supporting NADPH production via malic enzyme.62 All together 
these findings suggest that MDH1 deficiency could lead to increased oxidative stress 
by disruption of both NAD+/NADH and NADPH/NADP+ balances.

MDH2 deficiency
To date, MDH2 deficiency has been reported in three unrelated subjects.7 Patients 
presented with bi-allelic MDH2 variants as identified by exome sequencing. The 
phenotypes of these patients were characterized by early-onset generalized hypotonia, 

Table 2. Continued
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psychomotor delay, and refractory epilepsy, accompanied by elevated lactate in the 
blood and cerebrospinal fluid (Table 1 and 2). Additional clinical findings shared by 
two of three patients included failure to thrive, obstinate constipation, dystonia and 
strabismus. Epileptic seizure frequency decreased in response to a ketogenic diet in 
two of three patients. Brain MRI showed nonspecific findings including atrophy of 
the anterior part of the corpus callosum, delayed myelination of the frontal white 
matter, and cortical, frontal, and parietal atrophy. Repeat brain MRI in a second 
patient showed delayed myelination of the genu of the corpus callosum and cortical 
and subcortical atrophy of the frontal lobes. For the last patient, marked cerebral and 
cerebellar atrophy were observed. Urinary organic acid analysis revealed increased 
levels of malate and fumarate in two of three patients, whereas succinate levels were 
normal in all patients. One of the patients had also increased concentrations of urinary 
ketone bodies, lactate, pyruvate and 3-methylglutaconic acid. An important note for 
diagnostics is that MDH2-individuals can show nearly normal concentrations of urinary 
organic acids in a non-metabolic decompensation state.

No clear biomarkers were identified in patients with MDH2 deficiency, but additional 
insights from MDH2 KO cells have revealed increased intracellular levels of malate 
and fumarate.63 High concentrations of malate and fumarate can trigger an hypoxia 
response.64 Eventually, this can lead to inactivation of the PDH complex, pyruvate 
accumulation in the cytosol and consequently increased lactate formation.65 Another 
consequence of the hypoxia response is an increase in glutamine catabolism that 
feeds in the 2-oxoglutarate pool.66 When mitochondrial pyruvate import is impaired, 
TCA cycle activity can be maintained via oxidative glutamine metabolism, as 
glutamine-derived malate can be converted into pyruvate via malic enzyme 2.67 
Furthermore, glutamine may also undergo reductive carboxylation to support 
fatty acid biosynthesis. To this end, glutamine-derived 2-oxoglutarate is then 
carboxylated by the mitochondrial NADP-linked enzyme isocitrate dehydrogenase 
(IDH2) to produce isocitrate, which is, after conversion into citrate, exported from 
the mitochondrial matrix into the cytosol where citrate can be cleaved into both 
oxaloacetate and acetyl-CoA via the cytosolic enzyme citrate lyase.67 Similar to MDH1, 
activation of MDH2 also indirectly supports fatty acid biosynthesis in adipocytes by 
increasing intracellular NADPH levels via malic enzyme.68 Thus, these findings suggest 
that MDH2 deficiency might affect MAS and TCA cycle substrates, but also glutathione 
dependent antioxidant defense via decreased NADPH and glutamine levels. 

GOT2 deficiency 
Four patients with GOT2 deficiency from three independent families have been 
reported.8 Homozygous and compound heterozygous GOT2 variants were identified 
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using exome sequencing. All patients presented with similar clinical features 
including progressive microcephaly, epileptic encephalopathy and failure to 
thrive (Table 1 and 2). Additional phenotypic features included feeding difficulties, 
hypotonia, frequent infections, intellectual and motor disabilities, such as spastic 
paraparesis and severe spastic quadriplegia. MRI brain scan showed multicystic 
encephalomalacia and wide cerebral atrophy for one of the patients. In addition, 
two of four patients revealed mild cerebral atrophy with a hypoplastic vermis and 
a thin corpus callosum. Brain MRI in the last patient showed (mainly frontoparietal) 
cerebral atrophy, asymmetric dilated lateral ventricles, hypoplastic vermis and 
hypoplasia of the corpus callosum. Biochemically, patients had high plasma lactate 
and hyperammonemia. All patients had normal urinary organic acids and plasma 
acylcarnitines. In addition, amino acids in plasma were normal in three of the four 
patients. Low serine levels and high citrulline levels were found in one of the patients. 
This finding was followed up by additional functional analysis of serine biosynthesis 
in patients’ fibroblasts and GOT2 KO HEK293 cells. These studies revealed that de novo 
serine biosynthesis was impaired which prompted institution of a new therapeutic 
option involving serine supplementation in two patients. In addition, these patients 
were given pyridoxine supplementation to boost residual enzyme activity. The 
epilepsy and overall neurodevelopmental status in these patients were serine and 
pyridoxine responsive. 

Impaired de novo serine biosynthesis may provide mechanistic insights in GOT2 
deficiency. Since the first step of serine synthesis is catalyzed by the NAD+-dependent 
enzyme 3-phosphoglycerate dehydrogenase, a secondary serine synthesis defect 
may occur as a consequence of cytosolic NAD+/NADH imbalance. The notion that 
GOT2 deficiency can cause an overall deficiency in the MAS and thereby decrease the 
cytosolic NAD+/NADH ratio, is supported by a GOT2 knockdown model in pancreatic 
cancer cells that had impaired net transfer of cytosolic NADH into mitochondria.69 
The addition of glycerol in cultured GOT2 KO HEK293 cells, as an attempt to restore 
the NAD+/NADH balance through the GP shuttle, was not sufficient to correct 
the impaired serine biosynthesis.8 This suggests that the MAS is the predominant 
NADH shuttle in HEK293 cells. This is in line with the finding that G3P was not 
increased in MDH1 HEK293 cells.6 Interestingly, pyruvate supplementation restored 
serine biosynthesis in vitro,8 presumably by correcting the NAD+/NADH balance. 
However, since increasing pyruvate may result in increased lactate formation this 
may not be suitable for treatment. To circumvent glycolytic NADH production, and 
consequently lactate accumulation in the cytosol, the authors suggested a diet low 
in carbohydrates, high in fat, and supplementation with ketone bodies. 
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Hyperammonemia and hypercitrullinemia in patients with a GOT2 deficiency point 
to a secondary defect of the urea cycle. In GOT2 deficiency, mitochondrial aspartate 
production from oxaloacetate is decreased, as supported by findings in GOT2 
knockdown cells.70 GOT2 is closely linked to the urea cycle via the production of 
aspartate, which reacts with citrulline to form argininosuccinate. A lack of aspartate 
will lead to accumulation of citrulline and dysfunction of the urea cycle. Thus, the 
hyperammonemia and hypercitrullinemia as observed in GOT2 deficient patients can 
be explained by a deficient aspartate provision to the cytosol. Hyperammonemia 
may also have consequences for the TCA cycle, since glutamate plays an important 
role in ammonia detoxification by forming glutamine.71 The high levels of ammonia 
can thereby deplete TCA cycle intermediates by withdrawing 2-oxoglutarate 
for the formation of glutamate and consequently glutamine. This can contribute 
to dysregulation of the TCA cycle. Thus, a deficiency in GOT2 may affect redox 
homeostasis, MAS substrates, the urea cycle as well as the TCA cycle.

AGC1 (Aralar/SLC25A12) deficiency
AGC1 deficiency is also known as Aralar deficiency. Five patients from four unrelated 
families with AGC1 deficiency have been reported. The phenotype of the first three 
reported patients, including two siblings, is characterized by severe infantile-onset 
encephalopathy with epilepsy, global developmental delay, generalized hypotonia 
and abnormal myelination, accompanied by reduced cerebral N-acetyl aspartate 
(NAA) content (Table 1 and 2).9,10 In addition, two of three patients had frequent 
infections. A fourth patient presented with a similar phenotype, with the exception 
that this patient had normal myelination and absence of microcephaly or dysmorphic 
features.11 MRI findings included cerebral volume loss, delayed myelination, bilateral 
symmetric abnormal signal in the putamina,9 global lack of myelination in the cerebral 
hemispheres, and a slightly smaller than normal putamen and globus pallidus.10 The 
cerebellum, brainstem, and thalami were essentially normal. Lactate was reported 
normal to mildly elevated in these four patients. A fifth patient was identified with 
compound heterozygous variants at the age of 12 years.12 The clinical phenotype of 
this patient was characterized by small stature, microcephaly, dysmorphic features, 
early-onset global developmental delay, severe intellectual disability (non-verbal), 
hypotonia, epilepsy, non-ambulatory spastic quadriplegia albeit a happy disposition. 
Neuroimaging findings indicated cerebral atrophy with early hypomyelination, but 
were more consistent with a leukodystrophy of the leuko-axonopathy category. A 
lactate peak was found upon MRS, which may have reflected the ongoing seizures 
at that time. Seizures of all patients were successfully controlled with medication. 
The oldest patient was free of seizures between the age of 3 and 12 years, without 
medical seizure control.12 For the first reported patient treatment with a ketogenic 
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diet was published, reporting improved psychomotor development and eye contact 
as well as increased alertness.9,72 After 20 months on the diet, the patient remained 
seizure free and neuro-imaging showed increased brain volume, as well as improved 
myelination. Subsequently, another patient was published in whom ketogenic diet 
was successful in terms of seizure control.11 These reports suggest the ketogenic diet 
as a viable therapeutic option for AGC1 deficiency.76 

Recently, an alternative to a ketogenic diet was explored in a mouse model, 
by administrating β-hydroxybutyrate (B-OHB), the main metabolic product in 
a ketogenic diet.73 B-OHB was able to boost aspartate and NAA synthesis in 
neurons and myelin proteins in brain from the Aralar-KO mice. NAA is produced 
from aspartate and acetyl-CoA by the enzyme aspartate-N-acetyltransferase.74 As 
the B-OHB dependent recovery of aspartate and NAA did not require lowering of 
carbohydrates, this treatment may provide an alternative therapy and deserves 
further investigation.

At first, reduced levels of neuronal-generated NAA have been proposed to 
contribute to the observed hypomyelination in AGC1 deficiency,9,10,72 in which NAA 
would be a precursor for myelin lipid synthesis. However, one of the patients had 
normal myelination.11 In addition, in one of the reports serial MRI findings were less 
characteristic of a primary or permanent hypomyelinating disorder, pointing to 
AGC1 deficiency as a leukodystrophy of the leuko-axonapathy category.12 Therefore, 
the observed hypomyelination was later suggested to be secondary to neuronal 
dysfunction, which argues against AGC1 deficiency as a primary hypomyelinating 
disease.75 This conclusion was supported by the results of studies in mice which 
showed that the degeneration of neuronal processes in AGC1 deficiency occurred 
independent of hypomyelination.76 Moreover, an increase in aspartate and NAA after 
B-OHB administration in Aralar-KO mice was also not associated with myelin recovery.73 
In addition, studies in mice in which both the NAA synthesizing enzyme (NAT8L) as well 
as the NAA hydrolyzing enzyme (aspartoacylase, ASPA) were inactivated, revealed no 
abnormalities in myelination, despite undetectable NAA levels.77

Another interesting observation is the variable presence of lactic acidemia in the 
reported cases. A proposed mechanism for lactic acidemia in patients with AGC1 
deficiency is a secondary form of mitochondrial dysfunction, due to the inability 
of the MAS to transfer reducing equivalents across the mitochondrial membrane. 
A drastic decrease in respiration was found in AGC1 deficient mouse brain tissue 
when using malate plus glutamate as substrate.53 Still, 12% of residual activity 
persisted, which may be explained by the presence of other glutamate carriers (GC1, 
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GC2), which also transport glutamate into mitochondria for respiration. In line with 
this, analysis of brain extracts from AGC1-deficient mice revealed a striking 86% 
decrease in the levels of aspartate, but only a modest 25% decrease in glutamate.78 
Interestingly, the most prominent drop in amino acid concentrations was observed 
for glutamine and serine with decreases of 77% and 75% compared to control, 
respectively. This may suggest that AGC1 deficiency, similar to GOT2 deficiency, may 
be associated with a secondary serine synthesis deficiency as a consequence of a 
dysfunctional MAS and a cytosolic NAD+/NADH imbalance.

AGC2 (Citrin/SLC25A13) deficiency
AGC2 or citrin deficiency is the most extensively described and studied MAS 
deficiency (Table 1). Over hundred patients have been reported, often in East Asia.79,80 
AGC2 deficiency can manifest in several stages of life, dependent on age. In newborns 
or infants it can present as neonatal intrahepatic cholestasis (citrin deficiency, NICCD), 
in older children as failure to thrive and dyslipidemia (citrin deficiency, FTTDCD), 
and in adults as recurrent hyperammonemia with neuropsychiatric symptoms in 
citrullinemia type II (CTLN2). 

NICCD was discovered in neonates suffering from cholestasis and multiple amino 
acidemia including citrulline, threonine, methionine, lysine, arginine, tyrosine, 
serine and phenylalanine.57,81 Some of these may be detected in newborn screening, 
including citrulline, tyrosine, methionine and phenylalanine, and a decreased ratio 
of alanine/citrulline.82 Other biochemical abnormalities were hypoproteinemia, 
galactosemia, and hypoglycemia.57,81,83,84 Further symptoms include diffuse fatty 
liver with hepatomegaly and parenchymal cellular infiltration with hepatic fibrosis 
(cirrhosis), decreased coagulation factors (echinocytosis), elevated bilirubin 
(bilirubinemia), hemolytic anemia and variable liver dysfunction. Most patients 
showed clinical improvement between 6 and 12 months upon treatment with a diet 
containing fat-soluble vitamin supplementation, lactose-free therapeutic formulas 
and/or medium-chain triglyceride enriched therapeutic formulas.56,85 However, some 
may develop cirrhosis or severe infections, or may later develop symptoms of adult-
onset citrin deficiency.79,83 

FTTDCD has been proposed as a post-NICCD phenotype before the onset of CTLN2.86 
Some children were found to have laboratory and/or clinical abnormalities after 
NICCD. Clinical symptoms included growth restriction, hypoglycemia, pancreatitis, 
but also severe fatigue and impaired quality of life.87 Laboratory abnormalities 
included dyslipidemia manifesting as higher levels of triglyceride and total- and 
LDL-cholesterols, but lower levels of HDL-cholesterol.86 Other findings were an 
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increased lactate-to pyruvate ratio, higher levels of urinary oxidative stress markers, 
and marked abnormalities in tricarboxylic acid cycle metabolites.88,89 Often FTTDCD 
is characterized by the patient’s preference for protein-rich and/or lipid-rich foods 
and aversion to carbohydrate-rich foods.

CTLN2 patients also have a particular preference for protein-rich and/or lipid-
rich foods, such as beans and peanuts.79 Clinical symptoms of CTLN2 patients are 
characterized by recurring episodes of hyperammonemia and neurologic and 
psychotic symptoms that closely resemble those of hepatic encephalopathy or 
genetic urea cycle disorders, including nocturnal delirium, aberrant behaviors 
(aggression, irritability, and hyperactivity), delusions, disorientation, restlessness, 
drowsiness, loss of memory, flapping tremor, convulsive seizures, and coma.79 
In general, the onset is sudden, usually between the ages of 20 and 40. The age 
of patients diagnosed varies from 11 to 70 years with a mean age of 34.4 years.55 
Although prognosis is bad, liver transplantation is the most effective therapy, 
preventing episodic hyperammonemia and eliminating the preference for protein-
rich foods.90–92 Pancreatitis, hyperlipidemia, and hepatoma are major complications 
of CTLN2.91 Biochemical abnormalities of CTLN2 patients include citrullinemia, 
abnormal liver enzymes, low albumin, increased serum triglycerides and decreased 
activity of argininosuccinate synthetase (ASS) in the liver (however, normal levels of 
ASS1 in other tissues). 

Since the major function of the AGC is to supply aspartate to the cytosol, AGC2 
deficiency causes a deficiency of cytosolic aspartate in the liver. A lack of aspartate 
limits synthesis of proteins and nucleotides, resulting in hypoproteinemia in NICCD. 
In addition, lack of aspartate for the ASS reaction causes accumulation of citrulline 
and eventually hyperammonemia.79 Beans and peanuts are the most prominent 
dietary sources of aspartate and asparagine, which might be the reason why CTLN2 
patients show extraordinary liking for beans and peanuts. Administration of sodium 
pyruvate with L-arginine proved effective in treatment of a 13- and 73-year old citrin-
deficient patient.93,94 Arginine was shown to be effective in lowering blood ammonia 
in hyperammonaemic patients, potentially via urea cycle enzymes.95 Administration 
of sodium pyruvate may increase the cytosolic NAD+/NADH ratio, which activates 
ureagenesis, as demonstrated in mice.96

Komatsu et al. hypothesized that the hepatic steatosis observed in patients with 
CTLN2 may result from a compensatory upregulation of the citrate-malate shuttle. 
This shuttle catalyzes the net transfer of acetyl-CoA from mitochondria to the cytosol, 
to promote fatty acid synthesis.23 In addition to the transfer of acetyl-CoA, the pathway 
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regenerates cytosolic NAD+ via MDH1.62 An increase in cytosolic citrate and acetyl-
CoA, may result in an overproduction of fatty acids in hepatocytes and contribute 
to hyperlipidemia.97 In addition, since the GP shuttle exerts low expression in liver, 
glycerol and G3P accumulation can also contribute to hyperlipidemia. Increased levels 
of urine glycerol and G3P have been observed in patients with FTTDCD.98 

DISCUSSION

The current review presents an overview of clinical and biochemical aspects of the 
known genetic MAS deficiencies. Due to the expression pattern of the different MAS 
components, most of the MAS deficiencies affect the central nervous system and 
present with a neurological phenotype. An exception is AGC2 deficiency, which 
presents with a primary hepatic phenotype due to its liver-specific expression. MAS 
deficiencies with a neurological phenotype include MDH1, MDH2, GOT2 and AGC1. 
Common clinical features in these disorders are epilepsy, hypotonia and global 
developmental delay (Table 2). In addition, MDH1, GOT2 and AGC1 deficiencies 
present with microcephaly. Common MRI findings include an affected corpus 
callosum in MDH1, MDH2 and GOT2 deficiencies. The most striking finding in AGC1 
deficiency is delayed or hypomyelination. 

As one of the major roles of the MAS is to maintain redox homeostasis, a dysfunctional 
MAS will result in a disturbed NAD+/NADH-redox balance. Indeed, in all reported 
MAS deficiencies a disturbed redox balance is reflected by different flux through 
other redox dependent pathways. These pathways include the GP shuttle and the 
conversion of pyruvate to lactate, which are both directly connected to the cytosolic 
NAD+/NADH balance.37,46 Increased activities of glycerol phosphate dehydrogenase 
and lactate dehydrogenase result in regeneration of NAD+ (Figure 2). Interestingly, 
both in MDH1 and AGC1 deficiencies, lactate was normal to slightly increased in 
plasma. In MDH1 deficiency, GP shuttle activity appears increased, as G3P levels 
were high in blood (Table 1).6 In AGC1 deficiency, increased activity of the GP shuttle 
has also been suggested,99 especially since a clear increase in lactate production is 
lacking. Since astrocytes in the brain lack AGC1,78,100 it is postulated that the glycerol 
phosphate shuttle is the main NADH redox shuttle in astrocytes. Moreover, the lack 
of or only slight increase in lactate may be explained by the fact that mainly the 
unaffected astrocytes are responsible for lactate production.99

In contrast to the presumed absence of increased lactate levels in MDH1 and AGC1 
deficiencies, patients with MDH2 and GOT2 deficiency present with a clear lactic 
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acidosis (Table 1). Both MDH2 and GOT2 enzymes are located in the mitochondria 
and are functionally coupled to the TCA cycle and ATP production, thus, defects 
in these enzymes can result in overall mitochondrial dysfunction. Mitochondrial 
dysfunction is often partly compensated by increased glycolytic ATP production, 
leading to increased conversion of glucose to pyruvate as glycolytic end-point, with 
secondary conversion of pyruvate to lactate. Supporting this notion, high levels 
of urinary pyruvate were observed in MDH2 deficiency. However, GOT2 deficiency 
appears to result in low levels of pyruvate, as observed in KO HEK293 cells. This 
may indicate disturbed glycolysis in GOT2 deficiency as an additional consequence 
of redox imbalance, the enzyme GAPDH being dependent on NAD+/NADH ratio. 
Although overall glycolytic flux may be decreased in GOT2 deficiency, high levels 
of lactate are likely the result of increased pyruvate to lactate conversion due to 
increased NADH levels in the cytosol. 

Disturbed redox homeostasis also affects other NAD(H)-dependent metabolic 
pathways like serine biosynthesis (Figure 2). This has been experimentally 
demonstrated to occur in GOT2 deficiency,8 and low serine levels were found in 
brains of AGC1 deficient mice.78 Serine is a non-essential amino acid and a precursor 
of essential compounds including phosphatidylserine, sphingomyelin, glycine and 
D-serine. Genetic defects in serine biosynthesis illustrate that this pathway is the 
main source of serine in the brain, as dietary sources are typically not sufficient 
to compensate for these defects.101 Interestingly, defects in any of the three 
enzymes involved in the de novo serine biosynthetic pathway mainly present with a 
neurological phenotype. Clinical characteristics include microcephaly, developmental 
delay, irritability, feeding difficulties, poor psychomotor development, spastic 
tetraplegia, epilepsy, nystagmus, brain atrophy, and hypomyelination. The diseases 
are biochemically characterized by low serine and glycine in CSF and blood in fasting 
state.102 Many of the clinical characteristics overlap with the clinical phenotype of 
MAS deficiencies, including microcephaly, epilepsy, developmental delay, poor 
psychomotor development and hypomyelination (Table 2). This may support the 
notion that part of the clinical phenotype is due to a secondary serine biosynthesis 
defect, especially as oral L-serine supplementation ameliorated the neurologic 
phenotype in GOT2 deficiency. 

Next to the expected disturbed redox homeostasis, a dysfunctional MAS also affects 
aspartate and glutamate. As demonstrated in AGC1 deficiency, lack of cytosolic 
aspartate leads to a reduction of N-acetylaspartate and subsequently cerebral 
hypomyelination may occur. As GOT2 is responsible for aspartate production, 
N-acetylaspartate may also be low in this defect, but was not reported in GOT2 
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deficient patients. In AGC2 deficiency, similar to GOT2 deficiency, a lack of cytosolic 
aspartate leads to substrate reduction for the urea cycle. In both deficiencies 
aspartate cannot react with citrulline in the urea cycle, causing accumulation of 
citrulline (Table 1). In addition, impaired activity of the urea cycle to dispose toxic 
ammonia leads to hyperammonemia. As MAS activity is required for aspartate 
synthesis by GOT2, MAS activity is also necessary for glutamate synthesis by GOT1 
in the brain.4,5 A deficiency in MAS can therefore affect the availability of glutamate 
for neurotransmission, potentially contributing to the epileptic phenotype seen in 
these deficiencies.103

A viable option for treatment of MAS deficiencies is provided by a ketogenic diet, 
which was shown to be effective in MDH2 and AGC1 deficiency.7,11,72 MAS deficiencies 
lead to inefficient use of glucose by neurons, since the decreased NAD+/NADH 
ratio prevents pyruvate from entering the TCA cycle by reducing it to lactate. A 
ketogenic diet contains ketone bodies that serve as an alternative to glucose as 
fuel for the brain. Therefore, a ketogenic diet can bypass the NAD+-dependent 
glycolytic metabolic pathways, and may be a beneficial therapeutic option in MAS 
deficiencies. Interestingly, serine supplementation might also ameliorate some of 
the neurological phenotypes in MAS deficiencies, as proven to be effective in GOT2 
deficiency. In addition, vitamin B6 supplementation is advocated in GOT2 deficiency, 
as the residual enzyme activity might deplete other vitamin B6-dependent enzymes 
from their cofactor. 

Although a ketogenic diet can bypass NAD+-dependent glycolytic metabolic 
pathways, a recent report demonstrated a novel approach to alleviate the intracellular 
redox balance.104 A well- known method in vitro to correct the intracellular NAD+/
NADH redox imbalance is the conversion of pyruvate into lactate, however this 
would not work well in patients as this would lead to an even further increase in 
lactate levels.8 Hence, a fusion protein of bacterial lactate oxidase and catalase was 
constructed, LOXCAT, which was able to convert lactate and oxygen into pyruvate 
and water.104 As proof-of-principle they demonstrated that the lactate/pyruvate 
ratio in medium could be lowered, hence intra-cellularly. In addition, LOXCAT had 
alleviated intracellular NAD+/NADH redox imbalance in heart and brain of mice with 
metformin induced complex I inhibition. In the context of MAS deficiencies, which 
have a low cytosolic NAD+/NADH ratio, this invention holds great promise.105

Important to note is that, since the MAS is essential for the brain, most reported 
deficiencies are hypomorphic in nature with residual enzyme activity. It is 
expected that complete inactivity of the MAS components are lethal in humans, as 
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demonstrated by homozygous knockouts of MDH1, MDH2, GOT1, GOT2 in mice.8,106,107 
For GOT1 and OGC no deficiencies in humans have been reported yet. However, in the 
older order Amish population, a rare in-frame 3 bp deletion in GOT1 that was strongly 
associated with low serum aspartate aminotransferase activity was observed in 
heterozygous state. Functional studies showed that the mutant recombinant protein 
had no enzyme activity. No individuals with homozygosity for this deletion were 
found, suggesting that complete loss of function of GOT1 is indeed not compatible 
with life.108 Expected biochemical effects of GOT1 deficiency could be extrapolated 
from knockout and knockdown studies in cells, in which increased levels of aspartate 
were reported.43,70 Allelic variants of OGC have been identified in paragangliomas, 
in which tumor tissue showed absence of the protein.109 Interestingly, loss of MDH2 
was also associated with pheochromocytoma and paraganglioma.63 Knockdown 
of SLC25A11 in mouse chromaffin cells showed low 2-oxoglutarate and increased 
aspartate and glutamate. The cells acquired metastatic properties, which suggested 
that SLC25A11 can act as a tumor-suppressor gene.109 Other expected biochemical 
effects of OGC deficiency could be extrapolated from SLC25A11 knockdown in A549 
cells, in which levels of fumarate, malate, citrate, NADH and ATP were decreased.110

CONCLUSION

The current review provides insights into the biochemical and clinical characteristics 
of MAS deficiencies. Many of these deficiencies have no specific markers to support 
clinical diagnosis. The disturbed redox homeostasis in MAS deficiencies affects multiple 
redox dependent pathways, with complex consequences due to compartment- and 
tissue-specific expression of the MAS components. In general, biochemical clues 
for MAS deficiencies include high lactate, high glycerol 3-phosphate, a disturbed 
redox balance, TCA abnormalities, high ammonia and low serine. Although not 
specific, these profiles may narrow down the long differential diagnosis of possible 
IMDs causing infantile epileptic encephalopathies.111 Interestingly, implications for 
treatment of MAS deficiencies are offered by the study of GOT2 deficiency, in which 
it was demonstrated that a cytosolic redox imbalance leads to a secondary serine 
biosynthesis defect and serine supplementation exerted a significant clinical benefit. 
Other treatment possibilities may include vitamin B6 supplementation (cofactor for 
GOT2) and a ketogenic diet. Pyruvate supplementation or other redox-correcting 
supplements may be interesting potential treatments for future research. All together, 
these IMD of MAS expands the list of treatable intellectual disabilities.112 Future 
studies are needed to reveal more specific biomarkers and to obtain more insights in 
the pathophysiological mechanisms of MAS deficiencies. 
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ABSTRACT

The malate-aspartate shuttle (MAS) is a redox shuttle that transports reducing 
equivalents across the inner mitochondrial membrane, while recycling cytosolic 
NADH to NAD+. We genetically disrupted each MAS component to generate a panel 
of MAS-defective HEK293 cell lines in which we performed [U-13C]-glucose tracing. 
MAS-defective cells had diminished serine biosynthesis, which strongly correlated 
with the lactate M+3/pyruvate M+3 ratio (reflective of the cytosolic NAD+/NADH 
ratio), consistent with the NAD+-dependency of phosphoglycerate dehydrogenase 
in the serine synthesis pathway. MDH1-deficient cells were most severely affected, 
whereas OGC- and MDH2-deficient cells were less affected. Overall, we demonstrated 
that the MAS is important for de novo serine biosynthesis, implying that serine 
supplementation could be used as a therapeutic strategy for MAS defects and 
possibly other redox disorders.

Keywords: malate-aspartate shuttle, NADH shuttle, malate dehydrogenase, glutamate-
oxaloacetate transaminase, aspartate-glutamate carrier, oxoglutarate-malate carrier, 
isotope-tracer analysis, serine biosynthesis, glycolysis, metabolomics, metabolism
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INTRODUCTION

The cellular NAD+/NADH ratio is an important regulator for metabolic activity, as cellular 
oxidation reactions require the net transfer of electrons to an electron acceptor, such 
as NAD+, to yield NADH. The electrons of NADH are consumed in the mitochondrial 
electron transport chain (ETC) to drive ATP synthesis, coupling cellular oxidation 
reactions to oxidative phosphorylation. Since cytosolic NADH cannot cross the inner 
mitochondrial membrane, reducing equivalents from NADH are indirectly transported to 
the mitochondrial matrix via the malate-aspartate shuttle (MAS) or directly to the ETC via 
the glycerol 3-phosphate shuttle.1–4 Simultaneously, these shuttles regenerate cytosolic 
NAD+, facilitating the continuation of cytosolic oxidative pathways such as glycolysis. 

The MAS is the main metabolic redox shuttle in the human body and its components 
are most strongly expressed in high-energy-demanding tissues such as the brain, 
heart, kidney and liver. The biochemical steps of the MAS, catalyzed by four 
enzymes and two transporters, have a net result of shuttling redox equivalents from 
cytosolic NADH to the mitochondrial matrix. First, cytosolic malate dehydrogenase 1  
(MDH1) oxidizes NADH by reducing oxaloacetate to malate (Figure 1A). The 
oxoglutarate-malate carrier (OGC, SLC25A11) catalyzes the transport of cytosolic 
malate and intramitochondrial 2-oxoglutarate in electroneutral exchange over 
the inner mitochondrial membrane. Next, mitochondrial MDH2 reduces NAD+ by 
oxidizing malate to oxaloacetate as part of the tricarboxylic acid (TCA) cycle in 
the mitochondrial matrix. Mitochondrial glutamate-oxaloacetate transaminase 2  
(GOT2) transaminates oxaloacetate and glutamate to synthesize aspartate and 
2-oxoglutarate. The aspartate glutamate carrier (AGC1/ Aralar, SLC25A12, brain 
isoform; AGC2/ Citrin, SLC25A13, liver isoform) exchanges mitochondrial aspartate 
for cytosolic glutamate and a proton. To close the MAS cycle, GOT1 transaminates 
cytosolic aspartate and 2-oxoglutarate to oxaloacetate and glutamate.

Disorders of the MAS are rare inherited metabolic diseases. Currently, reported MAS 
disorders include AGC2 (Citrin) deficiency (OMIM #603859),5,6 AGC1 (Aralar) deficiency 
(OMIM #612949),7–11 GOT2 deficiency (OMIM #618721),12 MDH2 deficiency (OMIM 
#617339)13–15 and MDH1 deficiency (OMIM #618959).16 Most patients affected by a MAS 
disorder clinically present with infantile epileptic encephalopathy,17,18 or in the case of a 
deficiency of the liver-specific mitochondrial carrier citrin, with hepatic encephalopathy.19

Previously, it was demonstrated that the disturbed NAD+/NADH ratio in GOT2 
deficiency hampered the flux of de novo serine biosynthesis, of which the first 
enzymatic step is catalyzed by NAD+-dependent phosphoglycerate dehydrogenase 
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(PHGDH). This finding paved the way to the effective treatment of neurological 
symptoms by a combination of pyridoxine and serine supplementation.12 Therefore, 
we hypothesized that all MAS defects lead to a secondary serine biosynthesis defect. 
To study this on a cellular level, we generated a comprehensive panel of HEK293 
cell lines with genetic disruption of the individual MAS components. Here, we 
demonstrate that all MAS defects result in a lower cytosolic NAD+/NADH ratio, which 
disturbs glycolysis and diminishes de novo serine biosynthesis. 

RESULTS

MAS defects have reduced de novo serine and glycine biosynthesis 
To study MAS defects on a cellular level, we generated a comprehensive panel of 
HEK293 cell lines with genetic disruptions of the MAS-enzymes (GOT1, MDH1, MDH2 
and GOT2) and transporters (OGC: SLC25A11 and AGC: SLC25A12 & SLC25A13), which 
included cell lines with a knockout of both AGC genes (Figures 1A and S1A-B). 
Transfected cell lines that did not result in the absence of protein were included as 
the corresponding WT for the respective MAS components, resulting in a total of 
33 HEK293 cell lines (Figure S1A). To study whether MAS defects lead to diminished 
serine and glycine biosynthesis, we performed [U-13C]-glucose isotopic tracing 
experiments in all cell lines, as serine and glycine are synthesized de novo from the 
glycolytic intermediate 3-phosphoglycerate (3-PG) (Figures 1A-B). After 8 hours of 
incubation with [U-13C]-glucose, 13C3-serine and 13C2-glycine concentrations were 
most strongly decreased in MDH1 KO cells, followed by AGC, GOT1, GOT2, OGC and 
MDH2 KO cells when compared to control cells (Figures 1C and S2C-D). At that time, 
differences in unlabeled serine and glycine concentrations between KO and WT 
cells were negligible (Figures S2A-B), indicating that the altered de novo labeling of 
serine and glycine over this time course was not due to altered serine and glycine 
uptake in KO cells. A decrease in the fractional enrichment of 13C3-serine and 13C2-
glycine further confirmed the diminished de novo serine and glycine biosynthesis in 
all MAS KO cells (Figure 1D), with serine and glycine biosynthesis being only partially 
hampered in OGC and MDH2 KO cells. Overall, these findings demonstrate that all 
MAS-defective cells display decreased de novo serine and glycine biosynthesis.

MAS defects lead to disturbed cytosolic NAD+/NADH ratio and 
constrained glycolysis 
To investigate the underlying mechanism of diminished de novo serine biosynthesis 
in MAS-defective cells, we used direct-infusion high-resolution mass spectrometry 
(DI-HRMS) to further analyze the intracellular metabolomes of cells incubated with 
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[U-13C]-glucose for 8 hours. One of the enzymatic steps in glycolysis prior to the 
formation of the serine biosynthesis precursor 3-PG is the NAD+-driven oxidation of 
glyceraldehyde 3-phosphate (GA3P) to 1,3-biphosphoglycerate by glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (Figure 2A). Since GAPDH becomes rate-
limiting when the NAD+/NADH ratio is low, we expect that in MAS-defective cells 
metabolites upstream of GAPDH accumulate and metabolites downstream of GAPDH 
decrease. Indeed, fructose 1,6-bisphosphate M+6 and glyceraldehyde 3-phosphate 
(GA3P) M+3 (indistinguishable by DI-HRMS from fructose 2,6-bisphosphate M+6 and 
dihydroxyacetone phosphate (DHAP) M+3, respectively; Table S1) were increased in 
all MAS-defective cells compared to controls, with the exception of MDH2 KO (Figures 
2B and S3A-B). In addition, glycerol synthesis branches from glycolysis upstream of 
GAPDH. In this pathway, glycerol phosphate dehydrogenase (GPD1) regenerates 
NAD+ by converting DHAP to glycerol 3-phosphate (G3P), which is then converted 
to glycerol (Figure 2A). Both relative levels and fractional enrichment of G3P M+3 
were increased in all MAS KO cells compared to controls, implying that the abundant 
availability of intermediates in the first steps of glycolysis leads to an increased flux 
into the glycerol synthesis pathway in MAS-defective cells (Figures 2C and S3C). 

Downstream of GAPDH, 3-PG M+3 levels (and 2-phosphoglycerate M+3, 
indistinguishable by DI-HRMS) were most markedly decreased in OGC, GOT2 and AGC 
KO cells compared to controls (Figures 2B and S3B). Furthermore, both relative levels 
and fractional enrichment of the glycolytic end-product pyruvate M+3 were decreased 
in all KO cells compared to controls (Figures 2B and S3B), indicating a decrease in 
[U-13C]-glucose flux to pyruvate M+3 in all MAS-defective cells. In addition, lactate M+3 
levels were most prominently decreased in OGC, GOT2 and AGC KO cells (Figure 2B). 
The enzymatic conversion of pyruvate to lactate is catalyzed by lactate dehydrogenase 
(LDH), and this reaction is in equilibrium with the cytosolic NAD+/NADH ratio (Figure 
2A).20,21 The lactate/pyruvate ratio thus reflects the free cytosolic NAD+/NADH ratio, 
with a higher lactate/pyruvate ratio indicating a lower NAD+/NADH ratio. To determine 
whether MAS-defective cells have an altered cytosolic NAD+/NADH ratio, we analyzed 
the labeled and unlabeled lactate/pyruvate ratio. We found no differences in the lactate 
M+0/pyruvate M+0 ratio (Figure S3D), and the total (labeled and unlabeled) lactate/
pyruvate ratio was only slightly increased in MAS-defective cells (Figure S3E). However, 
the lactate M+3/pyruvate M+3 ratios were strikingly increased in all MAS KO cells 
compared to controls (Figure 2D). MDH1 KO cells had the highest lactate M+3/pyruvate 
M+3 ratio, followed by AGC, GOT1, GOT2, OGC and MDH2 KO cells in decreasing order. 
Together, these findings indicate that a disturbed cytosolic NAD+/NADH ratio disrupts 
glycolysis at the level of GAPDH in all MAS-defective cells, resulting in decreased flux 
from glucose to the lower part of glycolysis as well as serine biosynthesis.
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< Figure 1. MAS defects have reduced de novo serine and glycine biosynthesis. (A and B) A 
schematic representation of glycolysis, de novo serine and glycine biosynthesis, the tricarboxylic acid 
(TCA) cycle and the malate-aspartate shuttle (MAS). Glycolysis and subsequently serine biosynthesis 
from the glycolytic intermediate 3-phosphoglycerate (3-PG) depend on the cytosolic NAD+/NADH 
ratio. Both pyruvate to lactate conversion and the MAS regenerate cytosolic NAD+. The MAS and the 
TCA cycle are intimately connected via mitochondrial MDH2, which transfers the reducing equivalents 
from malate onto NAD+ to generate NADH. NADH is used to generate ATP in the electron transport 
chain (ETC). OAA, oxaloacetate; Asp, aspartate; Glu, glutamate; Mal, malate; 2-OG, 2-oxoglutarate; 
3-PHP, 3-phosphohydroxypyruvate; 3-PS, 3-phosphoserine; THF, tetrahydrofolate; 5,10-mTHF, 
5,10-methyleneTHF. (C) 13C3-serine and 13C2-glycine concentrations after an 8-hour incubation with 
[U-13C]-glucose. Concentrations in KO cells are expressed relative to controls. (D) Fractional labeling of 
serine and glycine from [U-13C]-glucose in MAS KO HEK293 cells incubated for 2, 4 and 8 hours [WT (n = 
34), KO (n = 6 for each)]. Data shown are mean ± SD of three biological replicates from two independent 
experiments. Parametric unpaired t-tests were followed by Holm-Sidak’s multiple comparisons test to 
compare each KO to its corresponding WT. The adjusted p-values are indicated as *p<0.05, ¥p<0.01, 
†p<0.001, #p<0.0001.
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< Figure 2. MAS defects lead to constrained glycolysis and disturbed cytosolic NAD+/NADH, which is 
correlated with serine and glycerol 3-phosphate synthesis from glucose. (A) A schematic illustrating 
[U-13C]-glucose labeling in glycolysis and branching pathways. DHAP, dihydroxyacetone phosphate; G3P, 
glycerol 3-phosphate; 3-PHP, 3-phosphohydroxypyruvate; 3-PS, 3-phosphoserine. (B) log2 fold change 
of intracellular 13C6-glucose-derived glycolytic intermediates after 8 hours measured by DI-HRMS. The 
fold change was calculated by dividing the intensity of the KO by the geometric mean of intensities of 
experimentally matched controls. The log2 of the fold change is shown (n = 6 for each KO) and the dotted 
line indicates a fold change of ± 1.5. Glucose 6-phosphate (G6P)/Fructose-6-phosphate (F6P) isomers 
include a.o. myo-inositol phosphates, mannose phosphates, tagatose phosphates and isomers of fructose 
1,6-bisphosphate (F1,6BP) include bisphosphates. Pyruvate has the same m/z as malonic semialdehyde 
and lactate as hydroxypropionic acid, glyceraldehyde, dihydroxyacetone and methoxyacetic acid. 
Additional isobaric compounds are listed in Table S1. GA3P, glyceraldehyde 3-phosphate; 2-PG and 
3-PG, 2- and 3-phosphoglycerate. (C and D) Relative intensity of glycerol 3-phosphate M+3 (isomer = 
beta-glycerophosphoric acid M+3) (C) and lactate M+3/pyruvate M+3 ratio (D) in MAS WT and KO cells 
following an 8-hour incubation with 13C6-glucose (n = 4-6). Data shown are mean ± SD of three biological 
replicates from two independent experiments and expressed as relative intensities to corresponding 
controls. Parametric unpaired t-tests were followed by Holm-Sidak’s multiple comparisons test to compare 
each KO to its corresponding WT. The adjusted p-values are indicated as *p<0.05, ¥p<0.01, †p<0.001, 
#p<0.0001. (E and F) Correlation of the relative 13C3-serine concentration (E) and glycerol 3-phosphate 
M+3 (isomer = beta-glycerophosphoric acid M+3) intensity (F) with the lactate M+3/pyruvate M+3 ratio 
in MAS WT and KO cells displayed with Pearson correlation coefficients.

The cytosolic NAD+/NADH ratio in MAS defects correlates with serine 
and glycerol 3-P synthesis from glucose 
Since the activity of both glycolysis and the serine biosynthesis pathway depends 
on the free cytosolic NAD+/NADH ratio, we studied the association between the 
lactate/pyruvate ratio, reflecting the cytosolic NAD+/NADH ratio, and the levels of 
synthesized serine and glycerol 3-phosphate in MAS-defective cells. Interestingly, the 
lactate M+3/pyruvate M+3 ratio strongly correlated with both the relative 13C3-serine 
(R2=0.8522, p<0.0001) (Figure 2E) and G3P concentrations (R2=0.8216, p<0.0001) 
(Figure 2F), and they also correlated with each other (R2=0.7105, p<0.0001) (Figure 
S3F). We found no correlation between the lactate M+0/pyruvate M+0 ratio and 
13C3-serine or G3P and only a weak correlation between the total lactate/pyruvate 
ratio and 13C3-serine (R2=0.2693, p<0.0001) (Figure S3G). These findings illustrate that 
the low cytosolic NAD+/NADH ratio in MAS defects is quantitatively associated with 
the synthesis of serine and G3P from glucose and provide further evidence for the 
association between the MAS and cytosolic NAD+-dependent pathways.
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Most MAS defects affect flux through the NAD+-regenerating  
enzyme MDH1 
Since the MAS is linked to the TCA cycle via MDH2, we studied the consequences 
of MAS defects on TCA cycle and MAS fluxes. Total levels and the fraction of M+2 
intermediates labeled in the first round of the TCA cycle and the MAS, as determined 
by DI-HRMS after 8 hours of incubation with [U-13C]-glucose, provided further insights 
into these metabolic flux in MAS-defective cells (Figure 3A). As MDH2 generates 
oxaloacetate that subsequently reacts with acetyl-CoA to form citrate, loss of MDH2 
results in depletion of oxaloacetate and consequently citrate. When compared to 
controls and other MAS defective cells, MDH2 KO cells had the lowest citrate levels, 
as well as increased levels of acetyl-CoA M+2 (reflected by an increased conversion 
to acetylcarnitine M+2) (Figures 3B-G, S4C, S4J and S4K). As a result, MDH2 KO cells 
had a decreased fractional enrichment of all M+2 TCA cycle intermediates (Figure 
3E), indicating low oxidative TCA cycle activity from pyruvate. To assess whether 
pyruvate M+3 was diverted to anaplerotic routes in MDH2 KO cells, we examined 
the enrichment of M+3 isotopologues, formed by pyruvate carboxylation (malate, 
fumarate, citrate, aspartate) or the second round of the TCA cycle (succinate) (Figure 
S4A). The relative increase in fumarate and malate M+3 compared to succinate M+3 
indicates the increased carboxylation of pyruvate in MDH2 KO cells (Figure S4L).22 
In addition, despite lower total intensities (Figure S4O), the fractional enrichment 
of M+3 isotopologues within the total labeled pools of aspartate, malate, fumarate 
and citrate was relatively increased in MDH2 KO cells compared to controls (Figures 
S4M-N), indicating a relative (but not absolute) increase in pyruvate anaplerosis. 
Overall, these findings indicate that pyruvate entry into the TCA cycle is blocked in 
MDH2 KO cells, diverting it to alternative pathways.

MAS defects, with the exception of MDH2, are not intrinsic TCA cycle defects. Hence, 
the low citrate levels in all other MAS-defective cells are consistent with constrained 
glycolysis and decreased pyruvate M+3 (Figures 2B, 3B-G and S4C). In the TCA cycle, 
citrate M+2 is converted to 2-oxoglutarate M+2, which is then converted to either 
mitochondrial succinate M+2 by OGDH or mitochondrial glutamate M+2 by GDH, 
or is exchanged for malate by the OGC in the MAS (Figure 3A). As expected, loss 
of OGC results in decreased 2-oxoglutarate levels as well as decreased fractional 
enrichment of 2-oxoglutarate M+2 due to impaired export to the cytosol (Figure 
3D). Interestingly, total and M+2 fractional enrichment of 2-oxoglutarate were also 
decreased in GOT1, MDH1, GOT2 and AGC KO cells when compared to controls, 
suggesting that 2-oxoglutarate export is also diminished in these cells (Figures 3B, 
3C, 3F, 3G and S4D). In addition, total malate and the fractional enrichment of malate 
M+2 were decreased in MDH1, GOT1, OGC, GOT2 and AGC KO cells (Figures 3B-D, 3F, 
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3G and S4G). Malate, as the cytosolic exchange partner for 2-oxoglutarate in the MAS, 
is formed by MDH1. The decreased fractional enrichment of malate M+2 in MDH1 KO 
cells is thus presumably due to the decreased malate formation in the cytosol as a 
result of the primary defect and not due to the decreased formation of malate in the 
mitochondrion by fumarate hydratase. The similar decrease in GOT1, GOT2 and AGC 
KO cells indicates that cytosolic malate M+2 formation is also decreased in these MAS 
defects, collectively indicating that decreased malate M+2 formation by MDH1 leads 
to impaired exchange with 2-oxoglutarate M+2 in MAS-defective cells.

The impaired exchange of malate and 2-oxoglutarate in defects other than the OGC 
KO is likely due to the fact that all other defects cause impaired flux through the MAS 
prior to the OGC. Defects in GOT2 and AGC both result in low total aspartate levels 
due to diminished synthesis and export to the cytosol, respectively (Figures 3F and 
3G). Accordingly, both GOT2 and AGC KO cells had decreased fractional enrichment 
of aspartate M+2 (Figures 3F, 3G and S4H). In contrast, total aspartate was strikingly 
increased in GOT1, MDH1 and OGC KO cells, corresponding to the localization of 
defects downstream of aspartate (Figures 3B-D and S4H). Aspartate accumulation 
indicates a lower flux through GOT1, as GOT1 converts aspartate to oxaloacetate in 
the cytosol, while simultaneously converting 2-oxoglutarate to glutamate (Figures 
3A and 3B). Indeed, the fractional enrichment of glutamate M+2 was decreased in 
GOT1 and MDH1 KO cells, but also in GOT2 and AGC KO cells with low aspartate levels 
(Figures 3B, 3C, 3F, 3G and S4I), indicating that the conversion of 2-oxoglutarate M+2 
to glutamate M+2 by GOT1 is decreased. Total glutamate levels were decreased in 
GOT1, MDH1 and OGC KO cells (Figures 3B-D and S4I), possibly due to decreased 
availability of 2-oxoglutarate in the case of OGC KO. Collectively, these findings 
indicate that a defect in the MAS cycle from GOT2 via AGC and GOT1 to MDH1 results 
in hampered metabolite flux through MDH1. Consequently, the ability to regenerate 
NAD+ is decreased, which may explain the most severely disturbed NAD+/NADH 
ratios in these MAS-defective cells.
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< Figure 3. Most MAS defects affect flux through the NAD+-regenerating enzyme MDH1.  
(A) Schematic of [U-13C]-glucose labeling in the first round of the TCA cycle and MAS. (B-G) Reaction 
schemes of the biochemical reaction of (B) GOT1, (C) MDH1, (D) OGC, (E) MDH2, (F) GOT2 and (G) AGC 
followed by the summed intensity of labeled and unlabeled TCA and MAS intermediates expressed 
relative to control and as fractional enrichment of M+2 isotopologues following an 8-hour incubation 
with [U-13C]-glucose (n = 4-6). Isobaric compounds are listed in Table S1. Data shown are mean ± SD 
of three biological replicates from two independent experiments. Parametric unpaired t-tests were 
followed by Holm-Sidak’s multiple comparisons test to compare each KO to its corresponding WT. The 
adjusted p-values are indicated as *p<0.05, ¥p<0.01, †p<0.001, #p<0.0001.

DISCUSSION

The malate-aspartate shuttle (MAS) is an important redox shuttle that transports 
reducing equivalents across the inner mitochondrial membrane and maintains the 
cytosolic NAD+/NADH ratio. Although this pathway has been intensively studied, a 
comprehensive systematic analysis in a single cell system has not been performed 
before. In this study, we demonstrated that serine biosynthesis, an NAD+-dependent 
metabolic pathway, was disturbed after genetic disruption of each element of the 
MAS due to a low NAD+/NADH ratio impacting glycolysis. Cells with a deficiency in 
MDH1 were most severely affected, whereas OGC- and MDH2-deficient cells were 
less affected. Our data further supports the notion that the severity of cytosolic 
redox imbalance in MAS defects depends on the metabolite flux through the NAD+-
regenerating enzyme MDH1.

Our study provides important insights into the role of the MAS in serine biosynthesis. 
Serine is a precursor for many metabolites, including glycine, cysteine, tryptophan, 
phosphatidyl-L-serine, sphingolipids, purine, porphyrins and glyoxylate, but is also 
a major donor of one-carbon units for the folate pool by the conversion of serine 
to glycine. A defect in de novo serine biosynthesis was initially demonstrated in a 
patient with a GOT2 deficiency. Following functional analysis of serine biosynthesis 
in patients’ fibroblasts and GOT2 KO HEK293 cells, a new therapeutic option involving 
serine supplementation improved the epilepsy and neurodevelopmental status in 
two patients.12 Here, we showed that other MAS-defective cells have defective serine 
biosynthesis as well, implying that the successful therapeutic implementation of 
serine supplementation might be extended beyond GOT2 to other MAS disorders 
with a neurological phenotype.

We additionally showed that the cytosolic NAD+/NADH ratio, which shifts pyruvate 
to lactate rather than to CO2 and H2O via PDH and the citric acid cycle,23 strongly 
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correlated with serine biosynthesis activity in MAS-defective cells. The strong 
correlation between the NAD+/NADH ratio and serine synthesis suggests that other 
disorders with a low cytosolic NAD+/NADH ratio, such as complex I deficiency and 
other (genetic) mitochondrial disorders characterized by ETC dysfunction,24,25 may 
have a serine biosynthesis defect as well. Indeed, NAD+-availability is important 
for serine biosynthesis.23 In addition, it has been shown that complex I inhibition, 
resulting in a low cytosolic NAD+/NADH ratio, similarly constrains the serine 
biosynthesis flux from glucose that was restored upon addition of the electron 
acceptor 2-ketobutyrate.24 Moreover, studies in cells with defective mitochondrial 
respiration revealed impaired one-carbon unit production, 26 thereby affecting 
folate metabolism. This is consistent with folate deficiencies occurring in patients 
with serine biosynthesis defects.27 Part of the clinical phenotype in MAS disorders 
may be due to a folate deficiency as well. In addition, NAD+-repletion might warrant 
further investigation as a therapeutic intervention for MAS disorders.28

Since the MAS supports glycolysis by regulating the cytosolic NAD+/NADH ratio,3,29,30 
each MAS defect demonstrated a decrease in flux from glucose to pyruvate. In 
addition, we found that glucose flux toward glycerol 3-phosphate increased, which 
may increase cytosolic NAD+ when the cytosolic NAD+/NADH ratio is decreased.31 
Whether the glycerol phosphate shuttle plays a compensatory role in MAS defects 
remains to be investigated. However, recent work demonstrated that the MAS and 
glycerol phosphate shuttle may become saturated, driving aerobic glycolysis,32 which 
is in line with the strong correlation between glycolysis-derived lactate/pyruvate ratio 
and glycerol 3-phosphate synthesis in MAS-defects. In addition, the accumulation 
of glyceraldehyde 3-phosphate and/or dihydroxyacetone phosphate in MAS defects 
may result in the inhibition of the irreversible mGPDH, due to competitive inhibition 
in the substrate-binding pocket and by product inhibition, respectively.33

The underlying pathophysiological mechanism depends on the individual MAS 
defect. Each MAS-defect results in varying MAS-metabolite concentrations, with low 
concentrations of these MAS-metabolites limiting MAS activity.34 Lower metabolite 
flux through GOT1, either by the intrinsic defect or by low aspartate levels due to 
upstream defects, results in low oxaloacetate and subsequently metabolite flux 
through the NAD+-regenerating enzyme MDH1. As such, fueling MAS-metabolite 
concentrations, e.g. via aspartate supplementation, has been demonstrated to restore 
a low NAD+/NADH ratio in case of mitochondrial dysfunction.29,35 Hence, the lower 
metabolite flux through MDH1 in GOT2, AGC, GOT1 and MDH1 KO cells decreases its 
NAD+-regenerating capacity, resulting in the most prominent drop in cytosolic NAD+/
NADH ratio in these cells, whereas the OGC and MDH2 KO cells were less affected. 
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The exact pathophysiological mechanisms involved in OGC and MDH2 defects 
require further research; however, based on our study, we can speculate about 
potential mechanisms. Although OGC deficiency primarily affects the exchange of 
2-oxoglutarate and malate, the disturbed NAD+/NADH ratio and increased aspartate 
concentration indicate that GOT1 flux is also affected. However, other transporters 
may partially compensate for the impaired exchange of 2-oxoglutarate and 
malate in OGC deficiency, such as the dicarboxylate transporter (DIC, SLC25A10), 
which allows malate to enter the mitochondria in exchange for phosphate, and 
the oxodicarboxylate carrier (ODC, SLC25A21), which exchanges 2-oxoadipate for 
mitochondrial 2-oxoglutarate.36,37 In addition, the citrate carrier (CIC, SLC25A1) 
can exchange mitochondrial citrate for malate, contributing to malate import as 
well as the potential extramitochondrial 2-oxoglutarate production via isocitrate 
and cytosolic isocitrate dehydrogenase. MDH2 deficiency, however, completely 
disrupted the entry of glucose-derived pyruvate into the TCA cycle and MAS. The 
cytosolic NAD+/NADH imbalance in MDH2 KO cells may be the result of impaired 
respiratory chain activity due to disruption of TCA cycle oxidative activity. Since the 
unidirectional AGC is driven by the proton-motive force of the respiratory chain,38 
impaired respiratory chain activity may then hamper MAS activity.39–41 Fumarate 
and malate accumulation suggest that MDH2-defective cells compensate for this by 
increasing glutamine consumption to fuel the TCA cycle. In addition, glutamine can 
be converted to citrate via reductive carboxylation, which can then be cleaved into 
acetyl-CoA and oxaloacetate by citrate lyase.42 MDH1 can then convert oxaloacetate 
to malate to regenerate NAD+, which may compensate to some extent for the 
disturbed NAD+/NADH ratio. Furthermore, relatively more pyruvate carboxylation 
to form oxaloacetate may contribute to the flux through MDH1, resulting in only a 
minor effect on the cytosolic NAD+/NADH ratio in MDH2 KO cells.

In conclusion, we demonstrated that all MAS-defective HEK293 cells have disrupted 
glycolysis, resulting in increased glycerol synthesis from the glycolytic intermediate 
dihydroxyacetone-phosphate. Despite clear differences in metabolic alterations 
between the various defects, all MAS defects have a lower cytosolic NAD+/NADH ratio 
that restricts serine biosynthesis. As serine supplementation benefits GOT2-deficient 
patients, further investigations into the use of serine as a therapeutic option for 
patients with a (partially) defective MAS are worthwhile.

Limitations of the study
The main message of our study is that serine supplementation may be considered 
as a therapeutic strategy for patients with MAS disorders. We acknowledge that 
our in vitro system poses several limitations, including the use of a single cell line. 
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Clearly, there is potential for additional cell lines or in vivo models that recapitulate 
the neurological phenotype of MAS disorders to further study the physiological 
relevance of our findings. In addition, we did not perform addback experiments with 
catalytically active or inactive enzymes to determine whether effects are due to the 
loss of the enzyme or loss of its activity, although we had a catalytic dead enzyme of 
GOT2 that demonstrated the same metabolic results as the KO with absence of GOT2. 
Furthermore, rescue experiments with pyruvate and 2-ketobutyrate could further 
strengthen the causal link between the loss of MAS-enzymes, the NAD+/NADH ratio 
and serine biosynthesis.

Author Contributions
J.J.M.J., N.M.V., F.J.T.Z., R.J.A.W., C.D.M.K., and M.H.B. were involved in conceptualization 
and design of the study. D.W. and F.J.T.Z generated the Crispr/Cas9 KO cell lines. 
D.W. performed the metabolic tracing experiments. M.H.B., N.W.F., M.B. and J.G. 
performed mass spectrometry and data processing. M.H.B. performed data and 
statistical analysis and wrote the manuscript. All authors helped with the editing of 
the manuscript. 

Acknowledgements
We thank Susan Zwakenberg for her technical assistance. This work was supported 
by Metakids (2017-075 to J.J.M.J) and Stofwisselkracht (2019 to N.M.V.).

Declaration of Interests
The authors declare no competing interests



95|The malate-aspartate shuttle is important for de novo serine biosynthesis

4

STAR★METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
Mouse anti-cMDH1 (clone H-6) (monoclonal) Santa Cruz biotechnology Cat#sc-166879;  

RRID: AB_10609257
Rabbit anti-GOT1 (clone E4A4O) (monoclonal) Cell signaling Cat#34423;  

RRID: AB_2799052
Rabbit anti-GOT2 (polyclonal) Bethyl Laboratories Cat#A304-356A; 

RRID: AB_2620551
Mouse anti-SLC25A11 (clone E-2) (monoclonal) Santa Cruz Biotechnology Cat#sc-515593
Mouse anti-Aralar (clone B-2) (monoclonal) Santa Cruz Biotechnology Cat#sc-271056;  

RRID: AB_10608837
Mouse anti-Citrin (clone D-7) (monoclonal) Santa Cruz Biotechnology Cat#sc-393303
Rabbit anti-MDH2 (polyclonal) Cell signaling Cat#8610; 

RRID: AB_10841300
Mouse anti-Vinculin (clone 7F9) (monoclonal) Santa Cruz Biotechnology Cat#sc-73614;  

RRID: AB_1131294
Rabbit anti-Citrate synthetase (polyclonal) Abcam Cat#Ab96600;  

RRID: AB_10678258
Goat anti-Rabbit IgG H&L (HRP) (polyclonal) Abcam Cat#Ab6721;  

RRID: AB_955447
Goat anti-Mouse IgG H&L (HRP) (polyclonal) Jackson ImmunoResearch Cat#115-035-146; 

RRID: AB_2307392
Bacterial and virus strains
Subcloning Efficiency™ DH5α Competent Cells Invitrogen Cat#18265017
Chemicals, peptides, and recombinant proteins
Dulbecco’s Modified Eagle Medium, high 
glucose, GlutaMAX™ supplement, pyruvate

ThermoFisher Scientific Cat#10569010

Fetal Bovine Serum (FBS) ThermoFisher Scientific Cat#10270106
Penicillin-Streptomycin (10,000 U/ml) ThermoFisher Scientific Cat#15140122
Trypsin-EDTA (0.5%), no phenol red ThermoFisher Scientific Cat#15400054
Dulbecco’s Phosphate buffer saline (PBS) Lonza Cat#17513F
DMEM, no glucose ThermoFisher Cat#11966025
Methanol Absolute, ULC/MS grade Biosolve Cat#13684102
Formic acid 99% ULC/MS – CC/SFC Biosolve Cat#06914143
Acetonitrile ULC/MS – CC/SFC Biosolve Cat#01204102
Ammonium formate ULC/MS – CC/SFC Biosolve Cat#01984156
5-Sulfosalicylic acid dihydrate Merck Cat#247006
D-Glucose (U-13C6, 99%) Cambridge Isotope 

Laboratories, Inc.
Cat#CLM-1396-PK

L-Serine Sigma-Aldrich Cat#S4500
L-Serine (13C3, 99%) Cambridge Isotope 

Laboratories, Inc.
Cat#CLM-1574-H-PK
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REAGENT or RESOURCE SOURCE IDENTIFIER

L-Serine (13C3, 99%; 15N, 99%) Cambridge Isotope 
Laboratories, Inc.

Cat#CNLM-474-H-PK

Glycine Merck Cat#100590
Glycine (13C2, 97-99%) Cambridge Isotope 

Laboratories, Inc.
Cat#CLM-1017-PK

Glycine (13C2, 99%; 15N, 99%) Cambridge Isotope 
Laboratories, Inc.

Cat#CNLM-1673-
H-PK

Labeled amino acids standards set A Cambridge Isotope 
Laboratories, Inc. 

Cat#NSK-A

Labeled amino acids standards set B Cambridge Isotope 
Laboratories, Inc.

Cat#NSK-B

L-Aspartic acid Sigma-Aldrich Cat#A9256
DL-Aspartic acid (2,3,3-D3, 98%) Cambridge Isotope 

Laboratories, Inc.
Cat#DLM-832-PK

D-Glutamic acid Merck Cat#100291
DL-Glutamic acid (2,4,4-D3, 98%) Cambridge Isotope 

Laboratories, Inc.
Cat#DLM-335-PK

Pyruvic acid sodium salt Fluka (chemika) Cat#15990
Lactic acid sodium salt Sigma-Aldrich Cat#71716
Citric acid dihydrate Merck Cat#106448
Alpha-ketoglutaric acid sodium salt Sigma-Aldrich Cat#K2010
Succinic acid Sigma-Aldrich Cat#398055
Fumaric acid Fluka (Chemika) Cat#47900
DL-Malic acid Sigma-Aldrich Cat#M0875
Sodium Pyruvate (D3,97-98%) Cambridge Isotope 

Laboratories, Inc.
Cat#DLM-6068-PK

Sodium L-Lactate (3,3,3-D3, 98%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-9071-PK

Citric acid (2,2,4,4-D4,98%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-3487-PK

Alpha-ketoglutaric acid (3,3,4,4,-D4, 90%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-6201-PK

Succinic acid (2,2,3,3-D4, 98%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-584-PK

Fumaric acid (D4, 98%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-7654-PK

DL-Malic acid (2,3,3-D3, 98%) Cambridge Isotope 
Laboratories, Inc.

Cat#DLM-9045-PK

Protease inhibitor cocktail Sigma-Aldrich Cat#11697498001
NuPAGE™ LDS Sample Buffer (4x) Invitrogen Cat#NP0007
1,4-dithiothreitol (DTT) Sigma-Aldrich Cat#10197777001
NuPAGE™ 4 to 12%, Bis-Tris, 1.0-1.5 mm, Mini 
Protein Gels

Invitrogen Cat#NP0323BOX

Novex™ Sharp Pre-stained Protein Standard ThermoFisher Scientific Cat#LC5800
NuPAGE™ MOPS SDS Running Buffer (20x) Invitrogen Cat#NP0001
NuPAGE™ Transfer buffer (20x) Invitrogen Cat#NP0006
Immobilon®-P PVDF membrane Merck Cat#IPVH00010
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REAGENT or RESOURCE SOURCE IDENTIFIER

SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate

ThermoFisher Cat#34580

T4 DNA ligase New England BioLabs Cat#M0202L
BbsI New England BioLabs Cat#R0539S
X-tremeGENE™ 9 DNA Transfection Reagent Merck Cat#6365809001
Gibco™ Opti-Mem™ I Reduced Serum Medium Fisher Scientific Cat#12087549
Pfu DNA Polymerase Promega Cat#M7745
dNTP Mix (10 mM each) ThermoFisher Scientific Cat#R0193
Critical commercial assays
Pierce™ BCA Protein Assay Kit ThermoFisher Scientific Cat#23225
QIAprep Spin Miniprep Kit Qiagen Cat#27106
Jetstar Plasmid Maxiprep Kit ITK Diagnostics Cat#LN2400008
QIAamp DNA Micro Kit Qiagen Cat#56304
QIAquick Gel Extraction Kit Qiagen Cat#28706
CloneJET PCR Cloning Kit Fisher Scientific Cat#10809720
Experimental models: Cell lines
Human: HEK293T cells ATCC CRL-3216
Oligonucleotides
#1 GOT1 Forward: CCATTCTCCAGCATATCGCA IDT N/A
#2 GOT1 Reverse: TTGGCAGATACTCGTGATTT IDT N/A
#3 GOT1 Forward: CACGAGTATCTGCCAATCCT IDT N/A
#1 MDH1 Reverse: ATTTATCTAAGGCTGCACCC IDT N/A
#2 MDH1 Reverse: CTTCTTGGCGTATTTATCTA IDT N/A
#3 MDH1 Reverse: GGTCACCTTAACTGACTTCT IDT N/A
#1 SLC25A11 Forward: 
GTGCTGTTTGAGCGCCTGAC

IDT N/A

#2 SLC25A11 Forward: 
CTTATCCGCATGACTGCCGA

IDT N/A

#1 MDH2 Reverse: GGTGTTGAACAGGTCGTCCC IDT N/A
#2 MDH2 Forward: ATCATTTCCAGGCATGACCC IDT N/A
#3 MDH2 Reverse: GGTGGCCACAATCGTGGCAT IDT N/A
#1 GOT2 Forward: ATCGCCGCCGCCTTCCACCC IDT N/A
#2 GOT2 Forward: TGCCTGCGCCCACAATCCCA IDT N/A
#1 SLC25A13 Reverse: 
GCCTAATCCAAAGACTGTGG

IDT N/A

#2 SLC25A13 Reverse: 
AATCCAAAGACTGTGGAACT

IDT N/A

#1 SLC25A12 Forward: 
AGGAGTAGCTGATCAAACCA

IDT N/A

#2 SLC25A12 Forward: 
GTAGCTGATCAAACCAAGGA

IDT N/A

Recombinant DNA
pSpCas9(BB)-2A-GFP (PX458) Addgene Cat#48138
Software and algorithms
R-programming In-house pipeline for peak-

calling
https://github.com/
UMCUGenetics/DIMS

MassLynx (version 4.2) Waters N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Exactive Tune Software (version 2.9.0) Thermo Fisher Scientific BRE0012262
Chipsoft (version 8.3.1) Advion Biosciences N/A
Xcalibur (version 4.1) Thermo Fisher Scientific BRE0011868
TraceFinder (version 4.1) Thermo Fisher Scientific XCALI-64767
GraphPad Prism GraphPad Software N/A
Adobe Illustrator CC 2015 Adobe N/A
Other
Sanger Sequencing Macrogen N/A
Xevo-TQ MS triple quadrupole MS Waters N/A
Acquity UPLC BEH Amide column Waters N/A
Van Guard UPLC BEH Amide pre-column Waters N/A
TriVersa NanoMate Advion TV-NMT
ESI A chip Advion HD_A_384
Q-Exactive Plus Orbitrap Thermo Fisher Scientific 0726030
Q-Exactive HF Orbitrap Thermo Fisher Scientific 0726041
UltiMate 3000 Dual Gradient UHPLC Thermo Fisher Scientific 5040.0066
Sunshell RP-Aqua column 3.0x150mm, 2.6µm ChromaNik Technologies CR6371
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to 
and will be fulfilled by the Lead Contact, Judith J.M. Jans (j.j.m.jans@umcutrecht.nl)

Materials availability

This study did not generate any unique reagents. 

Data and Code availability
The underlying datasets of 13C3-serine and 13C2-glycine concentrations and 
DI-HRMS data have been uploaded to Mendeley Data and are available 
at: https://doi.org/10.17632/sd575642jm.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells were maintained in DMEM, high glucose, GlutaMAX™, pyruvate 
with 10% (v/v) heat-inactivated FBS and 1% P/S (v/v) in a humidified, 5% CO2 
atmosphere at 37 ºC. Cells were passaged upon reaching confluence. For isotope 
tracer experiments, cells were incubated with DMEM, no glucose (and no pyruvate) 
with 1 % P/S (v/v) and 25 mM D-Glucose (U-13C6, 99%). Dulbecco’s Modified 
Eagle Medium (DMEM), high glucose, GlutaMAX™, pyruvate; DMEM, no glucose; 
fetal bovine serum (FBS); penicillin-streptomycin (P/S (10,000 U/ml) and trypsin-
ethylenediaminetetraacetic acid (Trypsin-EDTA (0.5%), no phenol red) were 
purchased from Gibco™ (ThermoFisher Scientific). D-Glucose (U-13C6, 99%) was 
purchased from Cambridge Isotope Laboratories, Inc.

METHOD DETAILS

Generation of HEK293 KO cell lines using CRISPR/Cas9
To investigate the cellular pathophysiological mechanisms of MAS defects, we 
used CRISPR/Cas9 to create human embryonic kidney (HEK293) cell lines with a 
genetic disruption in each MAS-gene (GOT1, MDH1, SLC25A11, MDH2, GOT2 and 
SLC25A12+SLC25A13). HEK293T cells were transiently transfected with pSpCas9(BB)-
2A-GFP (PX458), encoding sgRNA targeting MAS genes. GFP-positive cells were 



100 | Chapter 4

sorted using a FACSAria II flow cytometer (BD) and plated in 10-cm dishes. After 
1 week, colonies were picked from these plates and knockout candidates were 
selected via western blot. GOT1, MDH1, OGC, MDH2, GOT2 and AGC were absent 
at the protein level (Figure S1A). Cell lines treated with Crispr/Cas9 but without 
successful knockout were considered corresponding wild-type cell lines and used 
as a control in the experiments. A total of 33 different cell lines were used.

Isotope tracing and metabolite extraction in HEK293 cells
WT and KO HEK293 cells were seeded at a density of 300,000 cells per well in six-well 
dishes in parallel and grown to ~80-90% confluency. The medium was refreshed 24 
hours before the start of the experiment. Cells were incubated in [U-13C]-glucose-
containing medium for 2,4 and 8 hours (Figure S1B), then washed with 2 ml cold 
PBS (4 ºC). Cells were harvested by scraping them twice in 0.25 ml pre-chilled 100% 
methanol (-80 ºC), whereafter the cell lysate was collected. After centrifuging the 
0.5 ml cell lysate/methanol-mixture (16,200 g, 10 min, 4 ºC), the supernatant was 
transferred to a new 1.5 ml Eppendorf tube. The supernatant was stored at -80 ºC 
until further analysis. 

Liquid chromatography-mass spectrometry analysis of serine  
and glycine
The concentrations of serine, glycine, 13C3-serine and 13C2-glycine in the cell lysate/
methanol samples from isotope tracing experiments were determined using LC-MS/
MS. The internal standard (IS) solution consisted of 15N,13C3-serine and 15N,13C2-glycine 
(Cambridge Isotope Laboratories, Inc.) in 5% (w/v) sulfosalicylic acid. Calibration 
curves were prepared within the following ranges: serine (0-100 µM), glycine (0-500 
µM), 13C3-serine (0-10 µM), 13C2-glycine (0-50 µM). In addition, two quality controls 
with either high or low concentrations serine and glycine were prepared from a 
mixture of cell lysates. Solvent A consisted of 10 mM ammonium formate in 85% 
acetonitrile and 0.15% formic acid, and solvent B of 10 mM ammonium formate in 
ultrapure H2O containing 0.15% formic acid, pH 3.0. To a 10 µl methanol sample, 10 
µl IS and 140 µl solvent A were added. Samples were vortexed, centrifuged for 5 min 
at 13,000 rpm in an Eppendorf centrifuge and subsequently all of the supernatant 
was transferred to a 96-wells plate (Waters). Samples were analyzed using a Xevo-
TQ MS triple quadrupole mass spectrometer with an ESI source and an Acquity 
UPLC system. Chromatographic separation was achieved by injecting 5 µl of sample 
on an Acquity UPLC BEH Amide column (2.1 x 100 mm, 1.7 µm; Waters) with a Van 
Guard™ UPLC BEH Amide pre-column (2.1 x 5 mm, 1.7 µm). The flow rate was set to 
0.4 mL/min and the column temperature was maintained at 35 ºC. Initial conditions 
were 100% solvent A. After 1 min the mobile phase gradient (%B) was set in the 
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following protocol: 1.0-1.1 min linear gradient from 0 to 5.9% B; 1.1-2.0 min linear 
gradient from 5.9 to 17.6% B; 2.0-3.0 min linear gradient from 17.6 to 29.4% B; 3.0-
3.1 min linear gradient from 29.4 to 0% B; 3.1-4.5 min isocratic 0% B. Parameters 
for ESI-MS analysis in positive ionmode were as follows: capillary voltage 1.0 kV, 
source temperature = 150 ºC, desolvation temperature = 550 ºC, cone gas flow = 
50 L/hr, collision gas flow=0.15 ml/min, desolvation gas flow = 1000 L/hr. Collision 
energy and cone voltage were optimized for each component and dwell time was 
set automatically. Peak integration and data analysis were performed using Waters 
MassLynx v4.2 software. The concentration for each analyte was calculated by a linear 
regression analysis of the peak area/IS area using the calibration curve. Technical 
triplicates of cell lysates were measured and concentrations were normalized to 
total protein concentrations obtained by the Pierce BCA protein assay. To account for 
interrun and experimental day variation, data are expressed relative to experimental 
controls measured within the same run. 

Direct infusion mass spectrometry analysis for  
isotopologue identification 
The cell lysate/methanol-samples collected after an 8-hour incubation with [U-13C]-
glucose were diluted 10 times in methanol. 70 µl cell working solution (as previously 
described43) and 60 µl 0.3% formic acid (Emsure, Darmstadt, Germany) were added 
to 70 µl of diluted cell lysate/methanol sample. The solutions were filtered using a 
methanol preconditioned 96-well filter plate (Acro prep, 0.2 um GHP, NTRL, 1 ml well; 
Pall Corporation, Ann Arbor, MI, USA) and a vacuum manifold, after which the sample 
filtrate was collected in a 96-well plate (Advion, Ithaca, NY, USA). Direct-infusion high-
resolution mass spectrometry (DI-HRMS) metabolomics was performed as previously 
described.43 Samples were analyzed using a TriVersa NanoMate system (Advion, 
Ithaca, NY, USA) controlled by Chipsoft software (version 8.3.3, Advion), mounted 
on a Q-Exactive Plus high-resolution mass spectrometer (Thermo Scientific). 13 µl 
sample was automatically aspirated and injected through nozzles on an ESI-chip 
(Advion) using nitrogen gas (0.5 psi, voltage = 1.6 kV), and measured in positive and 
negative ion mode for 3.0 min. Parameters were: scan range = 70-600 m/z, resolution 
= 140,000 at 200 m/z, automatic gain control target = 3e6, capillary temperature 
= 275 ºC, S-lens RF level = 70. Data acquisition was performed using Xcalibur 
software (version 3.0, Thermo Scientific, Waltham, MA, USA). A peak-calling pipeline, 
developed in R-programming language, annotated the raw mass spectrometry data 
according to the Human Metabolome DataBase (HMDB, version 3.6) with a range 
of 2 ppm (https://github.com/UMCUGenetics/DIMS). Only endogenously relevant 
metabolite features (according to HMDB) with the following adduct ions were 
selected: [M+H]+, [M+Na]+, [M+K]+ (positive mode), [M-H]- and [M+Cl]- (negative 
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mode). As DI-HRMS is unable to separate isomers, the resulting mass peak intensities 
consist of the summed intensities of these isomers. In order to extract isotopologues 
of metabolites from the resulting data, the theoretical m/z value for the annotated 
metabolite in the negative or ionization mode was used to determine the expected 
m/z of the 13C labeled metabolite. Potential isobaric compounds are listed in Table 
S1. All samples were measured in a single run.

Different isotopologues - molecules with different isotopic compositions - are formed 
as a result of increasing labeling of metabolites with each round of the TCA cycle. The 
fractional enrichment of each isotopologue is calculated as a percentage of the sum 
of all possible isotopologues. Isotopologues range from M+0 to M+n (1-6), in which 
M+0 reflects the unlabeled 12C carbons and M+n the labeled 13C carbons. For control 
cell lines, total label incorporation from [U-13C]-glucose in glycolysis ranged between 
~70-95% after 8 hours (Figure S3B). For the TCA cycle, ~70% of citrate became 
labeled, whereas the label incorporation of [U-13C]-glucose for 2-oxoglutarate, 
glutamate, fumarate, malate was ~35% (Figure S4B). 

Liquid chromatography-mass spectrometry analysis of  
TCA intermediates 
Cells were seeded in six-well plates and grown to confluency in 2 ml DMEM with 
10% FBS and 1% P/S. The medium was refreshed 24 hours before harvesting and 
metabolite extraction was performed as described above. The concentrations of 
TCA cycle intermediates were determined using LC-MS/MS. The internal standard 
solution consisted of 2H3-pyruvate, 2H3-lactate, 2H4-citrate, 2H4-2-oxoglutarate, 2H4-
succinate, 2H4-fumarate, 2H3-malate (Sigma-Aldrich, Denmark). Calibration standards 
were prepared with internal standards in the concentration range of 0.15 – 100 µM. 20 
µl internal standard solution was added to 0.5 ml methanol cell extract, evaporated 
with nitrogen and reconstituted in a mixture of 25 µl 0.1% NaOH and 25 µl 10mg/
ml O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine dissolved in ultrapure H2O. Samples 
were derivatized in a thermomixer at 1000 rpm for 30 min. Samples were analyzed 
using a Q-Exactive HF High resolution mass spectrometer. Chromatographic separation 
was achieved by injecting 5 µl sample onto a Sunshell RP-Aqua column (3 x 150 mm, 
2.6 µm; ChromaNik Technologies Inc., Osaka, Japan). The flow rate remained constant 
at 0.6 ml/min, the column temperature was maintained at 40 ºC and the autosampler 
at 10 ºC. Solvent A consisted of 0.1% formic acid (v/v) dissolved in ultrapure H2O and 
solvent B of 0.1% formic acid (v/v) dissolved in acetonitrile. The mobile phase gradient 
(%B) was as follows: 0-2.75 min isocratic 0% B; 2.75-3.5 min linear gradient from 0% 
to 70% B; 3.5-6.5 min isocratic 70% B; 6.5-6.7 min linear gradient from 70% to 0% 
B; 6.7-10 min isocratic 0% B for column equilibration. Samples were detected in full 
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scan negative ionisation mode with a scan range of 70-400 m/z and a resolution of 
240000. Parameters for negative ESI were as follows: capillary voltage = 4 kV, capillary 
temperature = 300 ºC, automatic gain control target = 1e6, sheath gas = 50, aux gas 
= 20, spare gas = 0, S-lens RF level = 65. TraceFinder software (Thermo Scientific) was 
used for peak integration. The concentration of each analyte was calculated using the 
calibration curve. Technical triplicates of cell lysates were measured and concentrations 
were normalized to total protein concentrations obtained by the Pierce BCA protein 
assay. To account for interrun and experimental day variation, data are expressed 
relative to experimental controls measured within the same run. 

Liquid chromatography-mass spectrometry analysis of aspartate 
and glutamate 
Cells were seeded in six-well plates and grown to confluency in 2 ml DMEM with 
10% FBS and 1% P/S. The medium was refreshed 24 hours before harvesting and 
metabolite extraction was performed as described above. To quantify aspartate and 
glutamate, we adapted the UPLC-MS/MS method that was previously described for 
the quantification of amino acids in plasma.44 The range of calibrators and quality 
controls were adapted according to the concentration range of amino acids within 
cell lysates. Technical triplicates of cell lysates were measured and concentrations 
were normalized to total protein concentrations obtained by the Pierce BCA protein 
assay. To account for interrun and experimental day variation, data are expressed 
relative to experimental controls measured within the same run.

Western blot 
Cells were collected in Radioimmunoprecipitation assay (RIPA) buffer containing 
0.05 M Tris, 0.15 M NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS with a 
protease inhibitor cocktail (1:200, Sigma Aldrich) and 2 mM phosphatase inhibitor 
NaF. Samples were agitated for 30 min at 4 ºC , followed by centrifugation (14,000 
g, 10 min, 4 ºC), and collection of the supernatant, which was stored at -80 ºC until 
further analysis. The BCA Protein Assay Kit (Pierce) was used to determine the protein 
concentration. Samples were prepared for western blot by protein denaturation 
at 98 ºC for 5 min in LDS Sample Buffer (ThermoFisher Scientific) and DTT (Sigma 
Aldrich). A NuPage 4-12% pre-cast gel (ThermoFisher Scientific) was assembled in 
an electrophoresis cell (Xcell, sure-lock mini cell, Novex, Invitrogen) with running 
buffer (ThermoFisher Scientific). After samples were loaded on the gel, proteins 
were separated by gel electrophoresis for 60 min at 200 V. The separated proteins 
were transferred from the gel to a PVDF membrane (Sigma Aldrich) in transfer buffer 
(ThermoFisher Scientific) for 60 min at 30 V. After a 1-hour blocking step in 5% (w/v) 
milk, the PVDF membrane was incubated overnight at 4 ºC with primary antibodies 



104 | Chapter 4

diluted in 1% (w/v) milk. The membrane was incubated with secondary antibodies in 
0.5% (w/v) milk for 1 hour at room temperature. Protein bands were visualized using 
SuperSignal™ West Pico plus chemiluminescent substrate (ThermoFisher Scientific). 

Mitochondrial isolation for western blot
Cells were grown to ~80-90% confluency in 10-cm culture dishes in 10 ml DMEM 
with 10% FBS and 1% P/S. Prior to cell collection, cells were washed with 5 ml 
cold PBS (4 ºC). Cells were harvested by scraping them in 10 ml cold PBS (4 ºC), 
whereafter the cell lysate/PBS mixture was centrifuged (800 rpm, 5 min, RT). The 
supernatant was discarded and the cell pellet was resuspended in 1 ml cold isolation 
medium (250 mM sucrose, 10 mM Tris, 1 mM EGTA and 0.1 mg/ml digitonin, pH 7.6) 
and incubated on ice for 3 min. The cell suspension was then homogenized with 
10 up-and-down strokes of a Teflon pestle mounted on a motor overhead at 750 
rpm. Centrifugation (800 g, 5 min, 4 ºC) of the homogenate separated the cytosolic 
fraction with mitochondria (supernatant) from other cell structures and membranes. 
The supernatant was transferred to a new Eppendorf cup. A second centrifugation 
step (10,000 g, 10 min, 4 ºC) separated the cytosolic fraction (supernatant) from the 
mitochondria (pellet). The mitochondrial pellet was dissolved in ultrapure H2O and 
samples were stored at -80 ºC until further analysis. Sample preparation for western 
blot was the same as for total cell lysates. 

QUANTIFICATION AND STATISTICAL ANALYSIS
Peak intensities were extracted from LC-MS data as described above in the corresponding 
method. GraphPad Prism (V9.3.0) was used for statistical analysis. p-values were 
determined using unpaired, two-tailed Student’s t tests, corrected for multiple 
comparisons with the Holm-Sidak method. Data are presented as mean ± standard 
deviation (SD). An adjusted p-value of <0.05 was considered statistically significant. 
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SUPPLEMENTARY MATERIAL
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Figure S1. MAS KO cell lines and experimental set-up. Related to methods. (A) Western blot of MAS 
WT and KO cell lines to demonstrate protein absence. The cell line numbers correspond to the number 
in the key resources table before sgRNA. * indicates the WT HEK293 cell line. (B) Schematic of the 
experimental setup. Each HEK293 cell line was incubated with [U-13C]-glucose for 0, 2, 4 and 8 hours. 
Metabolites were extracted and detected using LC-MS/MS and DI-HRMS (only for t = 8 hours), whereafter 
metabolomic tracer data analysis was performed.
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Figure S2. Unlabeled and labeled serine and glycine concentrations in MAS KO cells. Related to 
Figure 1. Unlabeled (A) serine and (B) glycine concentrations after an 8-hour incubation with [U-13C]-
glucose. Concentrations in KO cells are expressed relative to control. WT (n = 34), KO (n = 6 for each 
KO). Data shown are mean ± SD of three biological replicates from two independent experiments. 
Parametric unpaired t-tests were followed by Holm-Sidak’s multiple comparisons test to compare each 
KO to its corresponding WT. (C) 13C3-serine and (D) 13C2-glycine concentrations in MAS KO HEK293 cells 
incubated with [U-13C]-glucose for 2, 4 and 8 hours in two independent experiments. Each connecting 
line represents a different cell line, which is marked in black (WT) or red (KO). Data shown are mean ± 
SD of three technical triplicates. 
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Figure S3. Labeling of glycolytic intermediates in MAS KO cells. Related to figure 2. (A-C) Total 
(unlabeled and labeled) intensity and fractional enrichment of glycolytic intermediates after an 8-hour 
incubation with [U-13C]-glucose, resulting in (A) six labeled carbons in glycolytic intermediates from 
the first steps of glycolysis and (B) three labeled carbons in glycolytic intermediates in the later steps 
of glycolysis, as well as in (C) glycerol 3-phosphate. Additional isobaric compounds are listed in Table 
S1. (D) Unlabeled lactate M+0/pyruvate M+0 ratio and (E) total lactate/pyruvate ratio in MAS WT and 
KO cells (n = 4-6). Data shown are mean ± SD of three biological replicates from two independent 
experiments. Parametric unpaired t-tests were followed by Holm-Sidak’s multiple comparisons test to 
compare each KO to its corresponding WT. The adjusted p-values are indicated as *p<0.05, ¥p<0.01, 
†p<0.001, #p<0.0001. Correlation between the relative 13C3-serine concentration and (F) glycerol 
3-phosphate M+3 intensity and (G) the total lactate/pyruvate ratio in MAS WT and KO cells displayed 
with Pearson correlation coefficients.
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Figure S4. Labeling of TCA cycle intermediates in MAS KO cells. Related to figure 3. (A) A schematic 
of [U-13C]-glucose labeling in the first, second and third round of the TCA cycle and MAS, as well as 
pyruvate anaplerosis. (B) 13C enrichment of the TCA cycle and MAS intermediates in WT cells (n = 17) 
after an 8- hour incubation with [U-13C]-glucose. (C-I) Total intensity and fractional enrichment of 
TCA cycle and MAS intermediates after an 8-hour incubation with [U-13C]-glucose. Additional isobaric 
compounds are listed in Table S1. (J) TCA cycle intermediates and TCA cycle-derived amino acids after 
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a 24-hour cell culture in presence of serum. Data shown are mean ± SD and expressed as the relative 
concentration to corresponding controls (WT; n = 11, KO; n = 3). A one-way ANOVA was followed by 
Dunnett’s multiple comparisons test. The adjusted p-values are denoted as *p<0.05, ¥p<0.01, †p<0.001, 
#p<0.0001. (K) Reaction scheme of acetyl-CoA M+2 to acetylcarnitine M+2 conversion and the intensity 
of acetylcarnitine M+2 after an 8-hour incubation with [U-13C]-glucose. (L) Malate M+3/succinate M+3 
and fumarate M+3/succinate M+3 ratios as a readout for pyruvate carboxylation.22 (M) 13C3-fraction of 
the total intensity, (N) the total intensity of the 13C-pool and (O) the total intensity of the 13C3-pool of TCA 
cycle and MAS intermediates in MDH2 KO cells. Data shown are mean ± SD of three biological replicates 
from two independent experiments, except for figure J. Parametric unpaired t-tests were followed by 
Holm-Sidak’s multiple comparisons test to compare each KO to its corresponding WT. The adjusted 
p-values are denoted as *p<0.05, ¥p<0.01, †p<0.001, #p<0.0001.
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Table S1. Assigned HMDB names to the m/z values identified by DI-HRMS in negative and positive 
ionization modes for isotopologues. Related to Figure 2,3 and Methods.

Assigned HMDB name [Isotopologue] m/z

Negative ionization mode

Glucose

D-Glucose;D-Galactose;D-Mannose;Myoinositol;3-
Deoxyarabinohexonic acid;Beta-D-Glucose;D-Fructose;Allose;L-
Sorbose;Alpha-D-Glucose;D-Tagatose;Beta-D-Galactose;Scyllitol;L-
Gulose;L-Galactose

[M]- 179.056112

NA [M+6]- 185.075506

Glucose 6-phosphate/ Fructose 6-phosphate

Fructose 6-phosphate;Glucose 6-phosphate;Myo-inositol 
1-phosphate;Galactose 1-phosphate;Dolichyl phosphate 
D-mannose; Fructose 1-phosphate;Mannose 6-phosphate;D-Myo-
inositol 4-phosphate;Glucose 1-phosphate;Inositol phosphate; 
Beta-D-Glucose 6-phosphate;Beta-D-Fructose 6-phosphate;D-
Tagatose 1-phosphate;D-Mannose 1-phosphate;Sorbose 
1-phosphate;Beta-D-Fructose 2-phosphate;1D-myo-Inositol 
3-phosphate;D-Tagatose 6-phosphate;D-fructose 1-phosphate

[M]- 259.022442

NA [M+6]- 265.042125

Fructose 1,6-bisphosphate

“Fructose 1,6-bisphosphate”;”1D-Myo-inositol 
1,4-bisphosphate”;”D-Fructose 2,6-bisphosphate”;”Alpha-
D-Glucose 1,6-bisphosphate”;”1D-Myo-inositol 
1,3-bisphosphate”;”1D-Myo-inositol 3,4-bisphosphate”;”D-
Tagatose 1,6-bisphosphate”;”D-Mannose 1,6-bisphosphate”;”beta-
D-Fructose 1,6-bisphosphate”

[M]- 338.988773

NA [M+6]- 345.009013

Glyceraldehyde 3-phosphate/ Dihydroxyacetone phosphate

D-Glyceraldehyde 3-phosphate;Dihydroxyacetone phosphate [M]- 168.990748

NA [M+3]- 172.001667

2-phosphoglycerate/ 3-phosphoglycerate

2-Phosphoglyceric acid;3-Phosphoglyceric acid;2-Phospho-D-
glyceric acid;(2R)-2-Hydroxy-3-(phosphonatooxy)propanoate

[M]- 184.985663

NA [M+3]- 187.995349

Pyruvate

Pyruvic acid; Malonic semialdehyde [M]- 87.008768

NA [M+3]- 90.019029

Lactate

L-Lactic acid; Hydroxypropionic acid; Glyceraldehyde; D-Lactic 
acid; Dihydroxyacetone; Methoxyacetic acid

[M]- 89.024418

NA [M+3]- 92.034222
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Assigned HMDB name [Isotopologue] m/z

Glycerol 3-phosphate

Glycerol 3-phosphate;Beta-Glycerophosphoric acid [M]- 171.006398

NA [M+3]- 174.016079

Citrate

Citric acid; Isocitric acid; D-threo-Isocitric acid; Diketogulonic 
acid;”2,3-Diketo-L-gulonate”;”(1R,2R)-Isocitric acid”;”D-Glucaro-1,4-
lactone”

[M]- 191.019726

NA [M+1]- 192.022957

Succinylacetone [M+Cl]- [M+2]- 193.027153

NA [M+3]- 194.029835

NA [M+4]- 195.034137

NA [M+5]- 196.036287

NA [M+6]- 197.040795

2-oxoglutarate

Oxoglutaric acid; 3-Oxoglutaric acid [M]- 145.014247

NA [M+1]- 146.017558

NA [M+2]- 147.020325

NA [M+3]- 148.024076

NA [M+4]- 149.027789

NA [M+5]- 150.031067

Succinate

Succinic acid; Methylmalonic acid;”Erythrono-1,4-
lactone”;Threonolactone

[M]- 117.019332

NA [M+1]- 118.022797

NA [M+2]- 119.025778

NA [M+3]- 120.029097

NA [M+4]- 121.032874

Fumarate

Fumaric acid; Maleic acid [M]- 115.003682

NA [M+1]- 116.007591

NA [M+2]- 117.009858

NA [M+3]- 118.013918

NA [M+4]- 119.017375

Malate

L-Malic acid; Malic acid; D-Malic acid [M]- 133.014247

NA [M+1]- 134.017430

Senecioic acid [M+Cl]-;2-Ethylacrylic acid [M+Cl]-;3-
Methylbutyrolactone [M+Cl]-

[M+2]- 135.021100
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Assigned HMDB name [Isotopologue] m/z

NA [M+3]- 136.024221

NA [M+4]- 137.027804

Aspartate

L-Aspartic acid; D-Aspartic acid; Iminodiacetic acid [M]- 132.030231

NA [M+1]- 133.033826

NA [M+2]- 134.037328

NA [M+3]- 135.039815

NA [M+4]- 136.043587

Glutamate

L-Glutamic acid; N-Methyl-D-aspartic acid; N-Acetylserine; 
D-Glutamic acid;L-4-Hydroxyglutamate semialdehyde; DL-
Glutamate

[M]- 146.045881

NA [M+1]- 147.048524

NA [M+2]- 148.052978

NA [M+3]- 149.055207

NA [M+4]- 150.058626

2H3-Methionine (IS) [M+5]- 151.062603

Positive ionization mode

L-Acetylcarnitine [M]+ 204.1230345

NA [M+2]+ 206.1287845

[M]- = [M-H]-, [M]+ = [M+H]+, NA=not assigned, HMDB=human metabolome database. 
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ABSTRACT

Malate dehydrogenase 1 (MDH1) is a cytosolic enzyme that catalyzes the reversible 
reduction of oxaloacetate to malate as part of the malate-aspartate shuttle (MAS). The 
MAS transports reducing equivalents across the inner mitochondrial membrane to 
support respiratory chain activity. MDH1 deficiency is a metabolic disorder recently 
discovered in two patients with global developmental delay, infantile epileptic 
encephalopathy, and microcephaly. To gain insight into the pathophysiological 
mechanisms of MDH1 deficiency, we studied the metabolic consequences of MDH1 
deficiency in HEK293T cells. We demonstrated that MDH1-deficient cells have 
impaired glycolysis, which affects glycerol synthesis, serine synthesis, the polyol 
pathway, and the pentose phosphate pathway. Pyruvate supplementation restores 
the disturbed pathways while also fueling the TCA cycle. Pyruvate supplementation 
may be considered as a treatment strategy in MDH1 deficiency. 
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INTRODUCTION

Malate dehydrogenase 1 (MDH1) is a cytosolic enzyme that catalyzes the reversible 
reduction of oxaloacetate to malate as part of the malate-aspartate shuttle (MAS). 
The MAS is an NADH redox shuttle that transports electrons from the cytosol to the 
mitochondrial matrix, maintaining the cytosolic NAD+/NADH balance.1,2 MDH1 plays 
a key role in the MAS, since it transfers the reducing equivalents of cytosolic NADH 
to oxaloacetate, which results in the formation of malate and NAD+. The malate-
oxoglutarate carrier then transports malate into the mitochondrial matrix, where 
MDH2 oxidizes malate to oxaloacetate as part of the tricarboxylic acid (TCA) cycle 
to regenerate NADH. Finally, the electron transport chain consumes the reducing 
equivalents from NADH to produce ATP. The recycled cytosolic NAD+ is used for the 
continuation of oxidative pathways in the cytosol, such as glycolysis.3 MDH1 is thus 
important for electron transfer across the mitochondrial membrane as well as the 
maintenance of the cytosolic NAD+/NADH balance. Due to its central role in energy 
metabolism, MDH1 is strongly expressed in tissues with high aerobic metabolic 
demands, such as the heart, skeletal muscle, and brain. 

We previously reported an inherited MDH1 defect in two consanguineous patients.4 
The patients with MDH1 deficiency presented with global developmental delay, 
infantile epileptic encephalopathy, and microcephaly. Biochemically, we identified 
high levels of glycerol 3-phosphate in dried blood spots (DBS).4 We also demonstrated 
that MDH1 and other MAS defects result in low NAD+/NADH ratios and disturbed 
glycolysis, which leads to increased glycerol 3-phosphate formation and decreased 
serine biosynthesis (Broeks et al., accepted). In this study, we aimed to gain more in-
depth insight into the metabolic consequences of MDH1 deficiency. We performed 
untargeted metabolomics and isotope tracer analyses in MDH1 KO HEK293 cells 
using [U-13C]-glucose in the absence and presence of the electron acceptors pyruvate 
and 2-ketobutyrate. We found that disturbed glycolysis due to MDH1 deficiency 
increases influx into the pentose phosphate pathway. In addition, we demonstrated 
accumulation of sorbitol due to an NAD+-dependent block in the polyol pathway. 
Pyruvate supplementation was effective in restoring disturbed cytosolic redox 
pathways while also fueling the TCA cycle. Low-dose pyruvate supplementation may 
be considered as a treatment strategy for MDH1 deficiency.
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RESULTS

MDH1 deficiency affects multiple glycolysis branching pathways 
In order to identify pathophysiological leads in an MDH1 defect, we used direct-
infusion high-resolution mass spectrometry (DI-HRMS) to analyze the metabolomes 
of both MDH1-deficient patients (dried blood spots, DBS) and MDH1 KO cells. The 
DBS metabolome of MDH1-deficient patients displayed increased responses of 
masses corresponding to glycerol 3-phosphate, threonic acid and a pentitol (ribitol/
arabitol) compared to controls (Figures 1A and S1A). Similarly, MDH1-deficient cells 
had higher levels of glycerol 3-phosphate, threonic acid and a pentitol (ribitol/
arabitol) when compared to controls (Figures 1A and S1B). In addition, both MDH1-
deficient patients and cells displayed an elevated lactate/pyruvate ratio, indicative 
of a disturbed NAD+/NADH ratio (Figure 1A). MDH1-deficient cells also had higher 
levels of aspartate, homocysteine, and a hexitol (galactitol/sorbitol) (Figure S1B). 
Pyruvate, TCA cycle intermediates (citrate, oxoglutarate, malate and fumarate), serine 
synthesis intermediates (phosphohydroxypyruvate, phosphoserine and serine) and 
several amino acids (glutamate, threonine and alanine) were decreased in MDH1-
deficient cells compared to controls (Figure S1B). 

To determine whether these differences result from a disturbed NAD+/NADH ratio, we 
supplemented cells with the electron acceptors pyruvate or 2-ketobutyrate, which 
can regenerate cytosolic NAD+ from NADH (Figure 1B).5,6 Indeed, the total NAD+/NADH 
ratio increased in MDH1-deficient cells upon the addition of an electron acceptor 
(Figure S2A). Although pyruvate supplementation did not significantly increase 
the intracellular lactate levels, 2-hydroxybutyrate increased upon supplementation 
with 2-ketobutyrate (Figures 1B and S2B). Several differences between control 
and KO cells diminished upon the addition of pyruvate or 2-ketobutyrate. Glycerol 
3-phosphate, a pentitol (ribitol/arabitol), a hexitol (galactitol/sorbitol), aspartate, 
threonic acid, homocysteine and orotidine decreased in MDH1-deficient cells upon 
addition of an electron acceptor (Figures 1C, 1D and S2C). In contrast, intermediates 
of serine synthesis, the TCA cycle, and several amino acids (threonine and alanine) 
increased when an electron acceptor was added to MDH1-deficient cells (Figures 1C 
and 1D). These findings indicate that MDH1 deficiency affects multiple metabolic 
pathways in central carbon metabolism, such as glycolysis, glycerol synthesis, the 
polyol pathway and the pentose phosphate pathway. All perturbations are partially 
or fully normalized when an external electron acceptor is made available.
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Pyruvate restores disturbed glycolysis, glycerol synthesis and serine 
synthesis in MDH1- deficient cells
Since the addition of an electron acceptor mainly affects the branching pathways 
of glycolysis, we performed stable isotope tracing with [U-13C]-glucose to gain more 
insight into the underlying mechanisms. Cells were incubated with [U-13C]-glucose 
for 1.5, 6 (with and without pyruvate), and 16 hours, and cell lysates were analyzed 
using LC-MS/MS and DI-HRMS. Total NAD+ levels decreased gradually in both WT and 
KO cells, while NADH levels remained elevated in MDH1-deficient cells, resulting in 
a lower NAD+/NADH ratio after 16 hours (Figure S3A). 

We previously demonstrated that MDH1- and other MAS-deficient cells affect 
glycolytic flux at the level of GAPDH, resulting in increased G3P and decreased serine 
synthesis (Broeks et al., accepted). In line with these findings, we found increased 
intermediates of the first steps of glycolysis in MDH1-deficient cells, including 13C6-
fructose 1,6-bisphosphate, 13C3-dihydroxyacetone phosphate (DHAP), and 13C3-G3P 
(Figures 2A, 2B, and S4A). Interestingly, 13C3-GA3P levels were not elevated (Figures 
2B and S4A). Glycerol 3-phosphate dehydrogenase (GPD1) catalyzes the conversion 
of DHAP to G3P while also regenerating NAD+, which may be beneficial in MDH1-
deficient cells. Indeed, MDH1-deficient cells had an increased 13C3-G3P/13C3-DHAP 
ratio after 1.5 hours of incubation with [U-13C]-glucose, indicating an increased 
conversion of DHAP to G3P at that time (Figure 2E). However, at 6 and 16 hours, the 
13C3-G3P/13C3-DHAP ratio normalizes and decreases, suggesting that saturation of 
this pathway results in accumulation of both DHAP and G3P (Figure 2E). Moreover, 
the decreased conversion of DHAP to G3P may be associated with the decreasing 
NAD+/NADH ratio at 6 and 16 hours (Figure S3A). As reflected by the 13C3-lactate/13C3-
pyruvate ratio, the conversion of 13C3-pyruvate to 13C3-lactate continues to increase 
over time in MDH1-deficient cells (Figure 2E). However, although the 13C3-lactate/13C3-
pyruvate ratio increases, the total intracellular lactate/pyruvate ratio remains 
unaltered, indicating that most glycolysis-derived pyruvate is shunted into lactate 
to maintain a favorable NAD+/NADH balance in MDH1-deficient cells over this time 
course (Figures 2E and S4B). The unchanged intracellular lactate/pyruvate ratio 
may be due to increased lactate excretion from cells, which was indeed revealed by 
analysis of the medium fraction of MDH1-deficient cells (Figure S5). 

Pyruvate supplementation restored glycolysis in MDH1-deficient cells by decreasing 
13C3-GA3P, 13C3-DHAP, 13C3-G3P, and 13C3-lactate concentrations while increasing the 
13C3-pyruvate concentration (Figures 2B, 2D, S4A and S4B). In addition, pyruvate 
supplementation increased the NAD+/NADH ratio while decreasing the 13C3-G3P/13C3-
DHAP and 13C3-lactate/13C3-pyruvate ratios (Figures 2E and S3B). Since pyruvate 
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supplementation increased both unlabeled and labeled pyruvate levels, the total 
lactate/pyruvate ratio decreased in both MDH1-deficient cells and controls upon 
pyruvate supplementation (Figures 2E and S4B). Overall, these findings demonstrate 
that pyruvate supplementation recycles NAD+ and restores glycolysis in MDH1 KO cells.

MDH1-deficient cells had lower levels of glycolytic intermediates downstream 
from GAPDH, with a modest decrease in 13C3-3-phosphoglycerate (3-PG) and 13C3-
2-phosphoglycerate and a more severe decrease in 13C3-phosphoenolpyruvate 
and 13C3-pyruvate (Figures 2C, 2D, S4B and S4C). The glycolytic intermediate 3-PG 
serves as a precursor for the serine synthesis pathway, where NAD+-dependent 
phosphoglycerate dehydrogenase converts it to 3-phospohydroxypyruvate (3-PHP) 
(Figure 2A). Subsequently, phosphoserine aminotransferase (PSAT) converts 3-PHP to 
3-phosphoserine, which is then converted to serine by phosphoserine phosphatase. 
We previously hypothesized that a low cytosolic NAD+/NADH ratio affects the NAD+-
dependent PHGDH and, subsequently, serine synthesis (Broeks et al., accepted). We 
found an increase in 13C3-3-PHP and in the 13C3-3-PHP/13C3-3-PG ratio, whereas 13C3-
3-PS and the 13C3-3-PS/13C3-3-PHP ratio were severely decreased in MDH1-deficient 
cells (Figures 2C and 2F). In contrast to our hypothesis, these findings indicate either 
an increased conversion of 13C3-3-PG to 13C3-3-PHP or the accumulation of 13C3-3-
PHP over time, which is most likely due to a block in serine synthesis at the level 
of PSAT rather than a block at the level of the NAD+-dependent phosphoglycerate 
dehydrogenase. Pyruvate supplementation normalizes the serine synthesis, implying 
that this block is linked to metabolic consequences resulting from a low NAD+/NADH 
ratio, either directly or indirectly (Figures 2C and S4D).

Figure 1. MDH1 deficiency affects multiple metabolic pathways. (A) Overlapping metabolic 
consequences of MDH1 deficiency in DBS (n = 2) and MDH1 KO cells (n = 3) include increased 
glycerol 3-phosphate, threonic acid, ribitol/arabitol and lactate/pyruvate ratio (B) Reaction schemes 
of 2-ketobutyrate to hydroxybutyrate and pyruvate to lactate by lactate dehydrogenase (LDH). (C) 
Heatmap of the top 60 differentially affected compounds in MDH1 KO cells in Figure S1B cultured in a 
concentration range of 2-ketobutyrate (2-KB) (left) or pyruvate (pyr) (right). The heatmap (with feature 
scaling) represents the log2 fold change (FC) of KO samples compared to controls, which is calculated by 
dividing the intensity of the KO by the geometric mean of intensities of experimentally matched WT (n = 
1). See Table S1 for isobaric compounds. (D) Raw intensities of compounds with masses corresponding 
to glycerol 3-phosphate, ribitol/arabitol, sorbitol/galactitol, aspartate, serine and oxoglutarate in MDH1 
WT and KO cells cultured in the presence of indicated concentrations of 2-ketobutyrate and pyruvate. 
Data are presented as mean ± SD for technical triplicates (n = 1). 
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Figure 2. Pyruvate restores disturbed glycolysis, glycerol synthesis and serine synthesis in MDH1 
KO cells. (A) Schematic of [U-13C]-glucose labeling in glycolysis. Concentrations of (B) labeled fructose 
1,6-bisphosphate (F1,6BP), glyceraldehyde 3-phosphate (GA3P), dihydroxyacetone phosphate (DHAP), 
glycerol 3-phosphate (G3P), (C) 3-phosphoglycerate (3-PG), 3-phosphohydroxypyruvate (3-PHP), 
3-phosphoserine (3-PS), serine, (D) pyruvate and lactate from [U-13C]- glucose over time (left) and in 
absence and presence of 5 mM pyruvate for 6 hours (right). (E) Ratios of labeled intermediates over time 
(left) and in absence and presence of 5 mM pyruvate for 6 hours (right). Data are presented as mean ± 
SD for technical triplicates (left) and biological triplicates (right) in MDH1 WT and KO cells (n = 3). A two 
way ANOVA was followed by Tukey’s multiple comparisons test to compare WT and KO cells and the 
effect of pyruvate supplementation in KO cells. The adjusted p-values are indicated as *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001, and ns indicates no significance.

Disturbed glycolysis increases influx in the pentose phosphate 
pathway in MDH1 deficient cells
The glycolytic intermediate glucose 6-phosphate can be metabolized in either 
glycolysis or in the pentose phosphate pathway (PPP). Since the upper glycolytic 
intermediates accumulate in MDH1-deficient cells, we further analyzed intermediates 
of the PPP in cells incubated with [U-13C]-glucose. The oxidative branch of the PPP 
generates NADPH, which is the reducing power required for the synthesis of fatty 
acids, sterols, nucleotides, and non-essential amino acids. In addition, NADPH 
contributes to the cellular antioxidant defenses by converting oxidized glutathione to 
reduced glutathione. The end-product of the oxidative branch of the PPP is ribulose 
5-phosphate (Ru5P), which is further catalyzed by ribose-5-phosphate isomerase 
(RPI) into ribose 5-phosphate (R5P), a building block for nucleic acid synthesis (Figure 
3A). Alternatively, Ru5P is converted into xylulose 5-phosphate (X5P) by ribulose 
5-phosphate epimerase (RPE) (Figure 3A). 



126 | Chapter 5

In MDH1-deficient cells, both 13C5-Ru5P and 13C5-R5P increased similarly over time 
and decreased upon pyruvate supplementation, whereas the 13C5-R5P/13C5-Ru5P 
ratio remained unaltered (Figures 4B, 4C and S5). In the non-oxidative branch of 
the PPP, both R5P and X5P are converted by transketolase (TKT) to sedoheptulose 
7-phosphate (S7P) and glyceraldehyde 3-phosphate (GA3P), respectively (Figure 3A).  
In line with increases in 13C5-Ru5P and 13C5-R5P, 13C7-S7P increased over time and 
was normalized upon pyruvate addition in MDH1-deficient cells (Figures 4B and 
S6). Furthermore, the increase in the 13C7-S7P/13C5-R5P ratio suggests increased 
conversion of 13C5-R5P to 13C7-S7P by TKT or the accumulation of 13C7-S7P (Figure 3C). 
Interestingly, MDH1-deficient cells display a significant contribution of unlabeled 
S7P to the total pool that remains unaltered upon pyruvate supplementation, 
indicating that another unknown carbon source feeds in the PPP in MDH1-deficient 
cells (Figure S6A). However, using [U-13C]-glucose we were unable to distinguish the 
carbon flux from PPP and glycolysis to GA3P and F6P and vice versa (Figure S6B). 
GA3P and F6P produced by the PPP might funnel back into glycolysis, contributing 
to additional accumulation of glycolytic intermediates in the upper part of glycolysis. 
Alternatively, the accumulated F6P may contribute to elevated PPP intermediates. 

The accumulation of PPP intermediates may explain the increased levels of a pentitol 
in MDH1- deficient cells. Using GC-FID, we identified the increased pentitol as ribitol 
(Figure 3D). Although the pathway from the PPP to ribitol is not fully elucidated, 
ribitol is considered a human metabolic end-product that is most likely derived 
from the PPP intermediates D-ribulose and D-ribose, which are in turn derived from 
Ru5P and R5P, respectively.7 Ribitol levels were increased in both DBS from MDH1-
deficient patients as well as MDH1-deficient cells (Figures 1A and S1), and cellular 
concentrations normalized upon pyruvate supplementation (Figure 3D). DI-HRMS 
analysis of cells incubated with [U-13C]-glucose revealed the accumulation of a mass 
corresponding to ribitol (m+5) over time in MDH1-deficient cells, which decreased 
upon pyruvate supplementation (Figure 3E). Overall, these findings indicate that 
disturbed glycolysis increases flux into the PPP, resulting in the accumulation of PPP 
intermediates. When glycolysis is normalized by pyruvate supplementation, the PPP 
intermediates and their metabolic end-product ribitol normalize concurrently in 
MDH1-deficient cells. 
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Figure 3. Increased influx in the pentose phosphate pathway in MDH1 KO cells. (A) Schematic of 
[U-13C]-glucose labeling in the pentose phosphate pathway and its presumable metabolic end-products. 
(B) Concentrations of labeled ribulose 5-phosphate (Ru5P) and xylulose 5-phosphate (indistinguishable 
by LC-MS/MS), ribose 5-phosphate (R5P), sedoheptulose 7-phosphate (S7P) from [U-13C]- glucose over 
time (left) and in absence and presence of 5 mM pyruvate (pyr) for 6 hours (right). (C) Ratios of labeled 
intermediates over time (left) and in absence and presence of 5 mM pyruvate for 6 hours (right). (D) 
Arabitol and ribitol in absence and presence of 5 mM pyruvate for 6 hours measured by GC-FID (n = 3). 
(E) Compound with a mass corresponding to ribitol (m+5) following [U-13C]- glucose incubation over 
time (left) and in absence and presence of 5 mM pyruvate for 6 hours (right) measured by DI-HRMS. Data 
are presented as mean ± SD for technical triplicates (left) and biological triplicates (right) in MDH1 WT 
and KO cells (n = 3). A two way ANOVA was followed by Tukey’s multiple comparisons test to compare 
WT and KO cells and the effect of pyruvate supplementation in KO cells. The adjusted p-values are 
indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and ns indicates no significance.
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Sorbitol accumulates in MDH1-deficient cells
Using GC-FID, we identified the increased hexitol in MDH1-deficient cells as sorbitol. 
Sorbitol is an intermediate of the polyol pathway which originates from glucose 
and consists of two enzymatic steps (Figure 4A). First, aldose reductase (AR) reduces 
glucose to sorbitol, which is then oxidized to fructose by NAD+-dependent sorbitol 
dehydrogenase (SORDH). MDH1-deficient cells displayed an increase in sorbitol, 
whereas fructose and the fructose/sorbitol ratio were decreased, indicating a block 
in SORDH (Figure 4B). In addition, DI-HRMS analysis of cell lysates incubated with 
[U-13C]-glucose revealed that a compound with a mass corresponding to sorbitol 
(m+6) accumulates in MDH1-deficient cells over time, which was normalized by 
pyruvate (Figure 4C). These findings indicate that the polyol pathway is disturbed in 
MDH1-deficient cells due to a disturbed NAD+/NADH ratio. 
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Figure 4. Polyol pathway in MDH1 KO cells. (A) Schematic of [U-13C]-glucose labeling in the polyol 
pathway. (B) Sorbitol, fructose and fructose/sorbitol ratio in HEK293 cells measured by GC-FID. Data are 
presented as mean ± SD for biological triplicates (n = 3). A student’s t-test was performed. (C) Compound 
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Pyruvate restores TCA cycle activity and limits aspartate 
accumulation in MDH1-deficient cells 
Aspartate accumulation is the most prominent metabolic alteration in MDH1 
deficiency 3,4(Broeks et al., accepted). Interestingly, pyruvate addition resulted in 
lower aspartate concentrations (Figure 1C). To identify the underlying mechanisms 
hereof, we examined the labeling in the TCA cycle and MAS metabolites in cell 
lysates incubated with [U-13C]-glucose in the presence and absence of pyruvate for 
6 hours and analyzed using DI-HRMS (Figure 5A). Labeling of TCA cycle intermediates 
from [U-13C]-glucose was lower in MDH1-deficient cells, likely as a consequence of 
disturbed glycolysis and the increased conversion of glycolysis-derived pyruvate to 
lactate (Figures 2, 5B and S7). Pyruvate supplementation increased unlabeled citrate 
and 2-oxoglutarate in both control and MDH1-deficient cells but did not elevate 
unlabeled glutamate or malate (Figure 5B). Due to the stimulating effect of pyruvate 
on glycolysis, the labeled carbons from [U-13C]-glucose entering the TCA cycle also 
increased, illustrated by an increase in labeled pyruvate and acetylcarnitine (reflecting 
acetyl-CoA) in MDH1-deficient cells (Figures 2D, 5C and S4B). Consequently, both 
control and MDH1-deficient cells had increased labeled TCA cycle intermediates 
upon pyruvate supplementation, including glutamate and malate (Figure 5B). In 
contrast, both unlabeled and labeled aspartate decreased when pyruvate was added 
in MDH1-deficient cells (Figure 5D). Within mitochondria, aspartate is formed from 
oxaloacetate by mitochondrial glutamate-oxaloacetate transaminase (GOT2) as part 
of the MAS. Alternatively, oxaloacetate is converted to citrate by citrate synthase 
to continue the TCA cycle. Since oxaloacetate requires acetyl-CoA to form citrate, 
decreased acetyl-CoA in MDH1-deficient cells may prevent citrate formation, hence 
resulting in low citrate levels (Figure 5B). The increased oxaloacetate availability 
for GOT2 may then result in increased conversion to aspartate in MDH1-deficient 
cells (Figure 5B). Altogether, our findings indicate that restoring glycolysis and thus 
acetyl-CoA levels fuels the TCA cycle while preventing aspartate accumulation in 
MDH1-deficient cells (Figure 5D). 



130 | Chapter 5

A B

C D

PDH

Glucose

GlycOlysis

TCA 
cycle

MAS

Pyruvate

NAD+

NADH

NAD+

NADH

Acetyl-CoA

Citrate

2-oxoglutarateMalateMalate

Oxaloacetate

Oxaloacetate

Aspartate

Glutamate

MDH2

MDH1

GOT1
GOT2

Acetylcarnitine
6

(-)pyr (+)pyr
0

5×105

1×106

1.5×106

2×106

2.5×10

Ac
et

yl
ca

rn
iti

ne
(m

+2
)

(in
te

ns
ity

)

**** ns

**

WT KO WT KO
0.0

0.5

1.0

R
el

at
iv

e
ab

un
da

nc
e

WT KO WT KO
0

2×106

4×106

6×106

8×106

1×107

as
pa

rta
te

(m
+n

)
(in

te
ns

ity
)

Aspartate Aspartate

*

********

(-)pyr (+)pyr (-)pyr (+)pyr

M+0 M+1 M+2 M+3 M+4

WT KO WT KO
0.0

0.5

1.0

R
el

at
iv

e
ab

un
da

nc
e

Malate

WT KO WT KO
0

5×105

1×106

1.5×106

m
al

at
e

(m
+n

)
(in

te
ns

ity
)

Malate

* **
ns

(-)pyr (+)pyr (-)pyr (+)pyr

(-)pyr (+)pyr

(-)pyr (+)pyr(-)pyr (+)pyr

(-)pyr (+)pyr

(-)pyr (+)pyr(-)pyr (+)pyr

M+0 M+1 M+2 M+3 M+4 M+5 M+6

WT KO WT KO
0.0

0.5

1.0

R
el

at
iv

e
ab

un
da

nc
e

Glutamate

WT KO WT KO
0.0

0.5

1.0

R
el

at
iv

e
ab

un
da

nc
e

2-oxoglutarate

WT KO WT KO
0.0

0.5

1.0

R
el

at
iv

e
ab

un
da

nc
e

Citrate

WT KO WT KO
0

5×105

1×106

1.5×106

C
itr

at
e

(m
+n

)
(in

te
ns

ity
)

Citrate

*

** ns

WT KO WT KO
0

2×106

4×106

6×106

8×10

gl
ut

am
at

e
(m

+n
)

(in
te

ns
ity

)

Glutamate

*
ns

ns

WT KO WT KO
0

5×105

1×106

1.5×106

2-
ox

og
lu

ta
ra

te
(m

+n
)

(in
te

ns
ity

)

2-oxoglutarate

*** ns

ns

Figure 5. Pyruvate fuels the TCA cycle and lowers aspartate in MDH1 KO cells. (A) Schematic of 
[U-13C]-glucose labeling in the tricarboxylic acid (TCA) cycle and malate aspartate shuttle (MAS). (B) 
Summed intensities of 13C labeled (M+1-6) and unlabeled (M+0) citrate, 2-oxoglutarate, glutamate 
and malate and their fractional enrichment following 6 hour incubation with [U-13C]-glucose in absence 
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are presented as mean ± SD for biological triplicates in MDH1 WT and KO cells (n = 3). A two-way ANOVA 
was followed by Tukey’s multiple comparisons test to compare the total compound intensity in WT and 
KO cells and the effect of pyruvate supplementation in KO cells. The adjusted p-values are indicated as 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and ns indicates no significance.
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DISCUSSION

Malate dehydrogenase 1 (MDH1) deficiency is an inherited metabolic disorder of 
the malate-aspartate shuttle (MAS) that results in a cytosolic NAD+/NADH redox 
imbalance. Here, we studied the pathophysiology of MDH1 deficiency and revealed 
that disturbed glycolysis in MDH1 KO cells has broad metabolic consequences for 
its branching pathways, including glycerol synthesis, serine synthesis, the polyol 
pathway, and the pentose phosphate pathway. Pyruvate supplementation largely 
restores the disturbed cytosolic redox pathways while fueling the TCA cycle. 

Previously, we demonstrated that all MAS defects result in a low cytosolic NAD+/NADH 
ratio, leading to varying degrees of impaired glycolysis (Broeks et al., accepted). In this 
study, we provide an in-depth analysis of glycolysis and branching pathways in MDH1-
deficient cells. Glycolysis and other cytosolic pathways require NAD+ as an electron 
acceptor, thereby forming NADH. To enable the continuation of these pathways, NADH 
needs to be re-oxidized to NAD+ to maintain the cytosolic redox balance. Several 
cytosolic dehydrogenases recycle NAD+, including glycerol 3-phosphate dehydrogenase 
(GPD1), lactate dehydrogenase (LDH), and MDH1. GPD1 and MDH1 are part of NADH 
shuttles that consequently deliver cytosolic electrons to the electron transport chain, 
whereas LDH drives lactate production for excretion. The loss of MDH1 drastically 
reduces the NAD+-regenerating capacity and leads to an increase in pathway activity of 
alternative NAD+-recycling pathways, as illustrated by increased DHAP to G3P conversion 
and pyruvate to lactate conversion. Although we observed an initial increase in the 
conversion of DHAP to G3P in MDH1-deficient cells, the ratio decreased after 1.5 hours 
in a similar way as the NAD+/NADH ratio decreases. This may imply that G3P formation 
in MDH1-deficient cells is beneficial for regenerating NAD+ and is in line with the high 
levels of G3P in MDH1-deficient patients.4 However, the glycerol phosphate shuttle may 
rapidly reach its maximum capacity, resulting in the accumulation of its intermediates, 
while pyruvate oxidation becomes the major mechanism for NAD+-recycling.8,9

The de novo serine synthesis is severely diminished in MDH1-deficient cells (Broeks 
et al., accepted). We previously hypothesized that the low cytosolic NAD+/NADH 
ratio affects the NAD+-dependent PHGDH and, subsequently, serine synthesis. In 
this study, we further investigated the serine synthesis pathway and identified 
that 3-PHP, the product of PHGDH, accumulated. This indicates that the low serine 
synthesis in MDH1 KO cells may only partially be due to affected NAD+-dependent 
PHGDH and in part to an additional block at the level of PSAT1. PSAT1 is a cytosolic 
transaminase that converts glutamate to oxoglutarate to generate phosphoserine 
from 3-PHP. Recently, a study demonstrated that PSAT also has affinity for DHAP, 
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thereby generating serinol phosphate.10 The accumulation of DHAP in MDH1 KO 
cells may limit serine synthesis at the level of PSAT1 due to substrate competition 
that is re-established by restoration of glycolysis upon pyruvate supplementation. 
These data suggest that the severity of the secondary serine synthesis defect 
may depend on the accumulation of DHAP in MDH1 KO cells and may provide an 
additional explanation for the previously reported correlation between G3P and 
serine synthesis in MDH1 and other MAS defects (Broeks et al., accepted). 

In line with the inhibition of glycolysis, glucose carbons are increasingly channeled 
into the PPP, resulting in accumulation of PPP intermediates in MDH1-deficient cells. 
The restoration of PPP flux by the addition of an electron acceptor indicates that 
the increased flux in the PPP is a secondary consequence of disturbed glycolysis 
since reactions in the PPP do not directly depend on NAD(H). In addition, overflow 
of PPP intermediates may result in increased conversion to one of its metabolic 
end-products, ribitol, which is supported by the elevated ribitol levels in the DBS 
of MDH1-deficient patients. Increased ribitol levels have been previously reported 
in two metabolic disorders of the PPP, TALDO and RPI deficiency.11–13 However, 
whether the accumulation of ribitol plays a role in the pathophysiology is unknown. 
We further identified that MDH1-deficient cells accumulated sorbitol, likely due to 
disturbance of NAD+-dependent sorbitol dehydrogenase. Sorbitol accumulation is 
thought to contribute to pathophysiology in galactosemia and diabetes mellitus 
through intoxication of neurons.14 In addition, the loss of SORDH activity in SORDH 
deficient patients results in the accumulation of intracellular sorbitol and leads to 
neuropathy.15 These findings imply that the intracellular accumulation of sorbitol 
might contribute to the neurological phenotype of MDH1 deficiency.

Supplementation of the NAD+-recycling electron acceptors 2-ketobutyrate and 
pyruvate normalized the disturbed fluxes in glycolysis and its branching pathways in 
MDH1-deficient cells. In addition, pyruvate supplementation restored flux through the 
TCA cycle by providing pyruvate through glycolysis and uptake, while preventing the 
accumulation of oxaloacetate and aspartate. Boosting oxidative phosphorylation and 
energy metabolism via continuation of the TCA cycle may be beneficial for patients with 
MDH1 deficiency and may be achieved with therapeutic pyruvate supplementation. 
Previously, sodium pyruvate was used for treatment of the liver-specific MAS disorder 
AGC2 deficiency.16 Although pyruvate supplementation in defects affecting multiple 
organs increases the risk of lactic acidosis, the evaluation of pyruvate therapy was 
promising in patients with inherited mitochondrial disease, such as Leigh syndrome.17 
Pyruvate supplementation in these patients demonstrated a remarkable decrease in 
plasma lactate levels and the lactate/pyruvate ratio, as well as improvements in clinical 
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symptoms.18,19 Plasma lactate may be lowered due to prioritizing pyruvate entry in 
the TCA cycle, as observed in MDH1-deficient cells where pyruvate supplementation 
increased TCA cycle intermediates but not lactate. Alternatively, a combination 
of pyruvate and uridine – required for pyrimidine synthesis in the absence of a 
functional respiratory chain20 - was studied in fibroblasts from patients with OXPHOS 
dysfunction.21 Upon pyruvate and uridine supplementation they observed a similar 
decrease in the lactate/pyruvate ratio and normalization of TCA cycle intermediates, 
aspartate (decreased in OXPHOS dysfunctional fibroblasts) and glycerol 3-phosphate 
(increased in OXPHOS dysfunctional fibroblasts).21 The similarities in metabolic 
disturbances and effects of NAD+-recycling in OXPHOS deficient fibroblasts and MDH1-
deficient cells imply that the findings of this study provide insights into the metabolic 
consequences of other disorders with a cytosolic NAD+/NADH imbalance. 

Our results were mainly obtained from cell culture experiments in high glucose 
conditions, which revealed many disturbances related to glycolysis. Accumulation 
of compounds such as sorbitol and glycerol 3-phosphate may be prevented by 
treatment with a low-glucose diet, such as the ketogenic diet. Indeed, patients with 
the MAS disorder AGC1 deficiency demonstrate impressive clinical improvement, 
along with lowering of glycerol/G3P in the brain.22 Moreover, a ketogenic diet with 
ketone bodies and fatty acids is capable of fueling the TCA cycle via β-oxidation, 
which is likely beneficial in MDH1 deficiency as well. 

In conclusion, using stable isotope-resolved metabolomics we demonstrated that a 
disturbed NAD+/NADH cytosolic redox balance in MDH1 deficiency leads to disturbed 
glycolysis and branching pathways, including glycerol synthesis, the polyol pathway, 
and the pentose phosphate pathway. Due to the multifaceted benefits of pyruvate, a 
low dose of pyruvate may be considered as a treatment for MDH1 deficiency. 
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MATERIALS AND METHODS

Cell culture
Knockouts (KO) of MDH1 were generated in human embryonic kidney (HEK293T) cells 
using CRISPR/Cas9, as described in Broeks et al., 20194 and Broeks et al., accepted. A 
total of three wildtype (WT) and three KO cell lines were used for the experiments. 
Cells were maintained in DMEM, high glucose, GlutaMAX™, pyruvate with 10% (v/v) 
heat-inactivated FBS and 1% P/S (v/v) in a humidified, 5% CO2 atmosphere at 37 ºC.  
Cells were passaged upon reaching confluence. Cell culture experiments were 
performed with DMEM, no glucose, no pyruvate with 1% P/S (v/v). Dulbecco’s 
Modified Eagle Medium (DMEM), high glucose, GlutaMAX™, pyruvate; DMEM, no 
glucose; fetal bovine serum (FBS); penicillin-streptomycin (P/S) (10,000 U/ml) and 
trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA (0.5%), no phenol red) were 
purchased from Gibco™ (ThermoFisher Scientific). D-Glucose (U-13C6, 99%) was 
purchased from Cambridge Isotope Laboratories, Inc.

Cell culture and metabolite extraction experiment with pyruvate 
and 2-ketobutyrate
WT and KO HEK293 cells were seeded at a density of 300,000 cells per well in six-well 
dishes in parallel and grown to ~80-90% confluency. The medium was refreshed 24 
hours before the start of the experiment. Cells were incubated with concentrations 
of 1, 2.5 and 5 mM sodium pyruvate (Fluka Chemika, Buchs, Switzerland) or 
2-ketobutyrate (Sigma Aldrich) in medium containing 25 mM D-Glucose for 6 
hours. Following incubation, cells were washed with 2 ml cold PBS (4 ºC). Cells were 
harvested by scraping them twice in 0.25 ml pre-chilled 100% methanol (-80 ºC), 
whereafter the cell lysate was collected. After centrifuging the 0.5 ml cell lysate/
methanol-mixture (16,200 g, 10 min, 4 ºC), the supernatant was transferred to a new 
1.5 ml Eppendorf tube. The supernatant was stored at -80 ºC until further analysis 
with DI-HRMS and GC-FID (for identification of sorbitol).

Cell culture and metabolite extraction experiment with pyruvate 
and [U-13C]-glucose
WT and KO HEK293 cells were seeded at a density of 300,000 cells per well in six-well 
dishes in parallel and grown to ~80-90% confluency. The medium was refreshed 24 
hours before the start of the experiment. Cells were incubated with 5 mM sodium 
pyruvate (Fluka Chemika, Buchs, Switzerland) in medium containing 25 mM [U-13C]-
glucose for 1.5, 6 and 16 hours. Following incubation, cells were washed with 2 ml 
cold PBS (4 ºC). Cells were harvested by scraping them twice in 0.25 ml pre-chilled 
100% methanol (-80 ºC), whereafter the cell lysate was collected. After centrifuging 
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the 0.5 ml cell lysate/methanol-mixture (16,200 g, 10 min, 4 ºC), the supernatant was 
transferred to a new 1.5 ml Eppendorf tube. The supernatant was stored at -80 ºC 
until further analysis with DI-HRMS and LC-MS/MS.

Cell culture and metabolite extraction for identification of  
ribitol/arabitol
WT and KO HEK293 cells were seeded in parallel in 10-cm dishes and grown until  
~80-90% confluency. The medium was refreshed 24 hours before start of the 
experiment. Cells were incubated with 5 mM sodium pyruvate (Fluka Chemika, Buchs, 
Switzerland) in medium containing 25 mM D-Glucose for 6 hours. Following incubation, 
cells were washed with 10 ml cold PBS (4 ºC). Cells were harvested by scraping 
them twice in a 2.5 ml pre-chilled methanol/pure H2O-mixture (80/20%) (-80 ºC).  
After centrifuging the 5 ml cell lysate/methanol-mixture (16,200 g, 10 min, 4 ºC), 
the supernatant was transferred to a new 10-ml tube. The samples were evaporated 
under a gentle stream of nitrogen at 40 ºC until dryness and reconstituted with 600 
µl of methanol/pure H2O-mixture (80/20%). The supernatant was stored at -80 ºC 
until further analysis with GC-FID.

Direct infusion mass spectrometry analysis 
Methanol samples collected after 8 hours incubation with [U-13C]-glucose were 
diluted 10 times. 70 µl cell working solution and 60 µl 0.3% formic acid (Emsure, 
Darmstadt, Germany) were added to 70 µl of diluted cell lysate in methanol. Solutions 
were filtered using a methanol preconditioned 96 well filter plate (Acro prep, 0.2 um 
GHP, NTRL, 1 ml well; Pall Corporation, Ann Arbor, MI, USA) and a vacuum manifold, 
after which the sample filtrate was collected in a 96 well plate (Advion, Ithaca, NY, 
USA). Direct-infusion high-resolution mass spectrometry (DI-HRMS) metabolomics 
was performed as previously described.23 Samples were analyzed using a TriVersa 
NanoMate system (Advion, Ithaca, NY, USA) controlled by Chipsoft software (version 
8.3.3, Advion), mounted on a Q-Exactive Plus high-resolution mass spectrometer 
(Thermo Scientific). 13 µl sample was automatically aspirated and injected through 
nozzles on an ESI-chip (Advion) using nitrogen gas (0.5 psi, voltage = 1.6 kV), and 
measured in positive and negative ion mode with a total run time of 3.0 min. 
Parameters were: scan range = 70-600 m/z, resolution = 140,000 at 200 m/z, automatic 
gain control target = 3e6, capillary temperature = 275 ºC, S-lens RF level = 70.  
Data acquisition was performed using Xcalibur software (version 3.0, Thermo 
Scientific, Waltham, MA, USA). A peak calling pipeline, developed in R programming 
language, annotated the raw mass spectrometry data according to the Human 
Metabolome DataBase (HMDB, version 3.6) with a range of 2 ppm (https://github.
com/UMCUGenetics/DIMS). Only metabolites that were endogenously relevant 

https://github.com/UMCUGenetics/DIMS
https://github.com/UMCUGenetics/DIMS
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(according to HMDB) and with the following adduct ions were selected: [M+H]+, 
[M+Na]+, [M+K]+ (positive mode), [M-H]- and [M+Cl]- (negative mode). As DI-HRMS is 
unable to separate isomers, the resulting mass peak intensities consist of summed 
intensities of these isomers. Isobaric compounds are listed in Table S1.

Isotopologue identification DI-HRMS
In order to extract isotopologues of metabolites from the resulting data, the 
theoretical m/z value for the annotated metabolite in the negative or ionization mode 
was used to determine the expected m/z of the 13C labeled metabolite. Potential 
isobaric compounds are listed in Table S2. All samples were measured in a single run. 
Different isotopologues, molecules with different isotopic composition, are formed 
as a result of increasing labeling of metabolites with each round of the TCA cycle. The 
fractional enrichment of each isotopologue is calculated as a percentage of the sum 
of all possible isotopologues. Isotopologues range from M+0 to M+n (1-6), in which 
M+0 reflects the unlabeled 12C carbons and M+n the labeled 13C carbons.

Liquid chromatography-mass spectrometry analysis for 
intermediates of glycolysis, serine biosynthesis and the pentose 
phosphate pathway
The concentration of intermediates from glycolysis, serine biosynthesis and the 
pentose phosphate pathway were measured using LC-MS/MS. The internal standard 
solution consisted of 2H3-Lactic acid (100 µM), 2H3-Pyruvic acid (255 µM), 13C6-Glucose 
(133 µM) and 13C3,15N-Serine (100 µM) (Sigma-Aldrich, Denmark), and 2H4-NAD+ (25 
µM) (Toronto Research Chemicals, Canada). Calibration standards were prepared in 
the concentration range of 0.2-100 µM, the NAD compounds in the concentration 
range of 0.1-50 µM. 20µl internal standard solution was added to 0.5 ml methanol 
cell extract and 50 µl calibration standard. The mixtures are evaporated with nitrogen 
at a temperature of 40 ºC and reconstituted in a mixture of 50%/50% v/v Acetonitril 
(Merck) and Milli-Q purified H2O (Merck, Darmstadt, Germany). 

Samples were analysed using a Q-Exactive HF High resolution mass spectrometer 
(Thermo Scientific™, Bremen, Germany). Chromatographic separation was achieved 
by injecting 3 µl sample on a Atlantis Premier BEH Z-HILIC 1.7 μm, 2.1 x 100 mm 
(Waters, Milford, USA). The flow rate remained constant at 0.5 ml/min, column 
temperature was maintained at 40 ºC and the autosampler at 10 ºC. Solvent A 
consisted of 20 mM ammonium bicarbonate (Sigma-Aldrich, Denmark), pH 9.00 in 
Milli-Q purified H2O and solvent B was 20 mM ammonium bicarbonate in acetonitrile 
10%/90% v/v. The mobile phase gradient (%B) was as follows: 0.0-5.0 min linear 
gradient from 90% to 65% B; 5.0-6.0 min isocratic 65% B; 6.0-6.5 min linear gradient 
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from 65% to 90%. 6.5-12.5 min isocratic at 90 for column equilibration. Samples 
were detected in full scan positive ionization mode for the NAD-compounds, the 
other compounds in negative ionization mode with a scan range of 70-900 m/z and 
a resolution of 120000 (for both modes). Parameters for negative and positive ESI 
were as follows: capillary voltage = 4 kV, capillary temperature = 350 ºC, automatic 
gain control target = 1E6, sheath gas = 50, aux gas = 30, spare gas = 0, S-lens RF 
level = 75. Peak integration was performed with TraceFinder software (Thermo 
Scientific) version: 4.1 SP4. The concentration of each analyte was calculated 
using the calibration curve. Technical triplicates of cell lysates were measured and 
concentrations were normalized to total protein concentrations, obtained by the 
Pierce BCA protein assay.

Gas-chromatography- flame ionization detection for identification 
of sugar alcohols
Sorbitol, fructose, ribitol and arabitol were analyzed using gas-chromatography-
flame ionization detection (GC-FID). The internal standard solution consisted of 
ß-d-phenylglucoside (Sigma-Aldrich, Denmark). Calibration standards were prepared 
in the concentration range of 0-100 µM. 100 µl internal standard solution (3.9 
mM) was added to 500 µl methanol cell extract and 500 µl calibration standards, 
evaporated with nitrogen and reconstituted in 300 µl Tri-Sil TBT (Trimethylsilyl 
N-trimethylsilylacetamidate, 1-(Trimethylsilyl)-1 H-imidazole, Chlorotrimethylsilane) 
(Supelco) dissolved Milli-Q purified H2O (Merck, Darmstadt, Germany). Samples 
were then derivatized as follows: samples were incubated for 30 min at 105 ºC. After 
cooling down of the samples, 1 ml Milli-Q purified H2O and 500 µl hexane (VWR) 
was added. The mixture was vortexed for 10 seconds and centrifuged (5 min, 3000 
rpm, RT), after which the supernatant was transferred to a new tube. Next, 1 ml 0.1 
M HCl was added and vortexed and centrifuged again (5 min, 3000 rpm, RT). Then 
supernatant was transferred to a new tube, after which Anhydrous Sodium Sulfate 
(Sigma-Aldrich, Denmark) was added. The mixture was vortexed and transferred to 
the final vials. Finally, a few drops of N,O-Bis(Trimethylsilyl)Trifluoroacetamide (Sigma 
Aldrich) were added before analysis. Samples were analyzed using a Trace 1300 GC-
FID (Thermo Fisher Scientific, Waltham, USA) equipped with AI/AS 3000 autosampler 
and iConnect flame ionization detector (FID). Two µl of the mixture was injected into 
the GC-FID with a split/splitless injector (split mode set to 1:15) at 280 ºC on a HP-1 
column (25m x 0.2 mm; 0.11 µm; Agilent Technologies, J&W Scientific) connected 
to the FID at 300 ºC. Helium was used as a carrier gas at a flow rate of 1 ml/min and 
the purge flow was 5 ml/min. The GC oven temperature was held at 120 ºC for 10 
minutes, increased to 265 ºC at a rate of 3 ºC/min, followed by an additional increase 
to 295 ºC at a rate of 10 ºC/min, which was maintained for 5 minutes. Peak integration 
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was performed using Empower software 3.6.0 (Waters) and Chromeleon software 
7.2.10 (Thermo Scientific). Technical triplicates of cell lysates were measured and 
concentrations were normalized to the glucose concentration of that sample. 

Quantification and statistical analysis
Peak intensities were extracted from LC-MS data as described in the corresponding 
method above. Statistical analyses were performed in GraphPad Prism (V9.3.0) 
as indicated. Data are presented as mean ± standard deviation (SD). An adjusted 
p-value of <0.05 was considered statistically significant.
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Figure S1. Metabolic profile of MDH1 deficiency and MDH1 KO HEK293 cells. (A) Heatmap of top 
60 metabolite features identified by t-test for controls and MDH1-deficient patients as determined in 
DBS. (B) Heatmap of top 60 metabolite features identified by t-test for MDH1 WT and KO HEK293 cells. 
Heatmaps were created in MetaboAnalyst using Euclidian ward clustering with autoscaling of features. 
A comprehensive overview of p-values and isomers is displayed in Table S1. 
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Figure S2. Metabolic consequences of pyruvate and 2-ketobutyrate supplementation in MDH1 WT 
and KO HEK293 cells. (A) Concentrations of total NAD+, NADH and the NAD+/NADH ratio in presence 
of 2-ketobutyrate (2-KB) or pyruvate (pyr) (n = 1). (B) Intensities of 2-ketobutyrate, 2-hydroxybutyrate, 
pyruvate, lactate in WT and MDH1 KO HEK293 cells cultured in the presence of indicated concentrations 
of 2-KB or pyr (n = 1). Isobaric compounds for 2-hydroxybutyrate include (R)-3-hydroxybutyric acid; (S)-
3-hydroxyisobutyric acid; (R)-3-hydroxyisobutyric acid; 3-hydroxybutyric acid; (S)-3-hydroxybutyric acid; 
4-hydroxybutyric acid; 2-methyl-3-hydroxypropanoate. See Table S2 for other isobaric compounds. (C) 
Intensities of Orotidine, Threonic acid, Homocysteine in WT and MDH1 KO HEK293 cells (n = 1). Data are 
presented as mean ± SD for technical triplicates in MDH1 WT and KO cells.
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Figure S3. NAD+, NADH and NAD+/NADH ratio over time. (A) Concentrations of total NAD+, NADH and 
the NAD+/NADH ratio over time during [U-13C]- glucose tracing. Data are presented as mean ± SD for 
technical triplicates in MDH1 WT and KO cells (n = 3). (B) Concentrations of total NAD+, NADH and the 
NAD+/NADH ratio in absence and presence of 5 mM pyruvate (pyr) for 6 hours (n=3). Data are presented 
as mean ± SD for biological triplicates in MDH1 WT and KO cells (n = 3).
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Figure S4. Intermediates of glycolysis upon pyruvate supplementation. Isotopomer concentrations 
(left) and its relative abundance (right) for (A) fructose 1,6-bisphosphate (F1,6BP), glyceraldehyde 
3-phosphate (GA3P), dihydroxyacetone phosphate (DHAP) and glycerol 3-phosphate (G3P), (B) pyruvate 
and lactate, (C) 2-phosphoglycerate (2-PG), 3-phosphoglycerate (3-PG) and phosphoenolpyruvate 
(PEP), (D) 3-phosphohydroxypyruvate (3-PHP), 3-phosphoserine (3-PS) and serine from [U-13C]-
glucose labeling in absence and presence of 5 mM pyruvate for 6 hours. In addition, the ratios of 
total concentrations were displayed for lactate/pyruvate, 3-PHP/3-PG and 3-PS/3-PHP in absence and 
presence of 5 mM pyruvate for 6 hours. Data are presented as mean ± SD for biological triplicates in 
MDH1 WT and KO cells (n = 3).
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pyruvate, lactate and the lactate/pyruvate ratio in cell lysates and in medium after 24 hours of cell 
culture. Data are presented as mean ± SD for biological triplicates in WT and MDH1 KO cells (n = 3).
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Figure S6. Intermediates of the pentose phosphate pathway (PPP) upon pyruvate 
supplementation. (A) Isotopomer concentrations (left) and its relative abundance (right) for ribulose 
5-phosphate (Ru5P) and xylulose 5-phosphate (indistinguishable by LC-MS/MS), ribose 5-phosphate 
(R5P), sedoheptulose 7-phosphate (S7P) and fructose 6-phosphate (F6P) from [U-13C]-glucose labeling 
in absence and presence of 5 mM pyruvate for 6 hours. Data are presented as mean ± SD for biological 
triplicates in MDH1 WT and KO cells (n = 3). (B) Schematic of reverse labeling of PPP intermediates from 
13C-labeled and unlabeled glycolytic intermediates glyceraldehyde 3-phosphate (GA3P) and fructose 
6-phosphate. F1,6BP, fructose 1,6-bisphosphate; DHAP, dihydroxy acetone phosphate; E4P, erythrose 
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Figure S7. First round labeling in TCA cycle from [U-13C]-glucose. Intensities of acetylcarnitine, citrate, 
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mean ± SD for technical triplicates in MDH1 WT and KO cells (n = 3).
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Table S1B. Isobaric compounds untargeted DI-HRMS analysis in MDH1 HEK293 cells corresponding to 
figures 1 and S1B.

Feature T-statistic p-value FDR Isomers

(S)-3-Sulfonatolactate 24.5 4.10E-14 7.06E-11 -

L-Aspartic acid -22.131 2.00E-13 1.72E-10 D-Aspartic acid; Iminodiacetic 
acid

Oxoglutaric acid 12.462 1.19E-09 6.82E-07 3-Oxoglutaric acid

Sorbitol -10.963 7.53E-09 3.24E-06 Mannitol; L-Iditol; Galactitol

Phosphohydroxypyruvic 
acid

9.9643 2.89E-08 9.94E-06 -

Glutarylglycine 9.6744 4.35E-08 1.25E-05 N-Acetylglutamic acid

L-Alanine 7.9105 6.42E-07 0.000158 D-Alanine; Beta-Alanine; 
Sarcosine

Pyruvic acid 7.7487 8.37E-07 0.00018 Malonic semialdehyde

2-Chloromaleylacetate 7.4824 1.31E-06 0.00025 -

Phosphoribosyl 
formamidocarboxamide

-7.336 1.67E-06 0.000288 -

Citric acid 7.1697 2.23E-06 0.000349 Isocitric acid; D-threo-Isocitric 
acid; Diketogulonic acid; 
2,3-Diketo-L-gulonate; (1R,2R)-
Isocitric acid; D-Glucaro-1,4-
lactone

Phosphocreatine 6.968 3.17E-06 0.000455 -

Vanillylmandelic acid -6.855 3.87E-06 0.000512 3-(3,4-Dihydroxyphenyl)
lactic acid; 3-Hydroxy-4-
methoxymandelate

L-Malic acid 6.6654 5.43E-06 0.000668 Malic acid; D-Malic acid

Deoxyribose 6.6067 6.03E-06 0.000693 1-Deoxy-D-xylulose; (R)-
2,3-Dihydroxy-isovalerate; 
(R)-glycerol 1-acetate; 
2,3-Dihydroxyvaleric acid

Orotidine -5.7338 3.08E-05 0.003313 -

Xanthurenic acid 5.6481 3.63E-05 0.003679 -

L-Glutamic acid 5.5155 4.70E-05 0.004278 D-Glutamic acid; DL-Glutamate; 
N-Methyl-D-aspartic 
acid; N-Acetylserine; L-4-
Hydroxyglutamate semialdehyde

Orotic acid -5.5134 4.72E-05 0.004278 -

Fumaric acid 5.385 6.07E-05 0.005124 Maleic acid

cis-Aconitic acid 5.3705 6.25E-05 0.005124 trans-Aconitic acid; 
Dehydroascorbic acid

2-Amino-3-
phosphonopropionic acid

-5.3255 6.83E-05 0.005346 -
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Feature T-statistic p-value FDR Isomers

L-Cystathionine 5.2951 7.25E-05 0.00543 Allocystathionine; Cysteinyl-
Threonine; Threoninyl-Cysteine

Deoxyuridine 5.1423 9.83E-05 0.007055 -

2-Oxoarginine 5.114 0.000104 0.007068 -

4-Nitrocatechol -5.0979 0.000107 0.007068 -

Phosphoserine 5.0826 0.000111 0.007068 DL-O-Phosphoserine

Guanidinosuccinic acid 5.0233 0.000125 0.007679 -

Propionic acid 4.9611 0.000142 0.008406 Lactaldehyde; D-Lactaldehyde

Gamma Glutamylglutamic 
acid

4.8727 0.000169 0.009719 -

Glycerol 3-phosphate -4.7556 0.000215 0.011941 Beta-Glycerophosphoric acid

2-Ketobutyric acid 4.7252 0.000229 0.012309 Acetoacetic acid; 2-Methyl-3-
oxopropanoic acid; Succinic acid 
semialdehyde; (S)-Methylmalonic 
acid semialdehyde; 
4-Hydroxycrotonic acid

Cysteic acid -4.6848 0.000248 0.012965 -

Homocysteine -4.6122 0.000288 0.014609 -

Fructose 1,6-bisphosphate -4.3424 0.000504 0.0248 D-Fructose 2,6-bisphosphate; 
Alpha-D-Glucose 
1,6-bisphosphate; 1D-Myo-
inositol 1,4-bisphosphate; 
1D-Myo-inositol 
1,3-bisphosphate; 1D-Myo-
inositol 3,4-bisphosphate; 
D-Tagatose 1,6-bisphosphate; 
D-Mannose 1,6-bisphosphate; 
beta-D-Fructose 
1,6-bisphosphate; beta-D-
Fructose 1,6-bisphosphate

L-beta-aspartyl-L-glutamic 
acid

4.2241 0.000645 0.030859 -

4-Aminobutyraldehyde -4.1155 0.00081 0.037687 -

Selenocysteine 4.0926 0.00085 0.038498 -

Glycerol -3.9689 0.001102 0.048646 -

Aminoadipic acid 3.9378 0.001176 0.049649 -

L-Glutamic acid 
5-phosphate

3.9355 0.001182 0.049649 -

Hydroxybutyrylcarnitine 3.8967 0.001283 0.05259 -

(R)-2-Benzylsuccinate 3.8666 0.001367 0.054733 5-(3’,5’-Dihydroxyphenyl)-
gamma-valerolactone

Creatinine -3.8373 0.001454 0.056891 -

Table S1B. Continued
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Feature T-statistic p-value FDR Isomers

Se-
Adenosylselenomethionine

-3.7862 0.001619 0.061965 -

Threonic acid -3.6819 0.002018 0.075542 -

N1-(alpha-D-ribosyl)-5,6-
dimethyl-benzimidazole

-3.5646 0.002585 0.09472 L-phenylalanyl-L-hydroxyproline; 
Phenylalanyl-Hydroxyproline; 
Prolyl-Tyrosine; Tyrosyl-Proline

7-Hydroxy-6-methyl-8-
ribityl lumazine

-3.5455 0.002692 0.096567 -

Beta-Citryl-L-glutamic acid 3.5079 0.002914 0.10011 -

MG(0:0/22:0/0:0) 3.501 0.002957 0.10011 MG(22:0/0:0/0:0)

1-Undecanol -3.4998 0.002965 0.10011 -

4-Oxo-2-nonenal 3.4852 0.003058 0.10127 -

L-Threonine 3.3537 0.004035 0.1272 L-Homoserine; L-Allothreonine

2-Phosphoglyceric acid 3.3517 0.004053 0.1272 3-Phosphoglyceric acid; 
2-Phospho-D-glyceric acid; (2R)-
2-Hydroxy-3-(phosphonatooxy)
propanoate

Gamma-Glutamyl 
Glutamine

3.3506 0.004063 0.1272 Norophthalmic acid

O-Phosphohomoserine 3.3248 0.004289 0.13189 O-Phosphothreonine; 
Iminoerythrose 4-phosphate

Stevenin 3.3038 0.004483 0.13544 -

L-Serine 3.2872 0.004643 0.13785 D-Serine

Ribitol -3.2272 0.005268 0.15372 D-Arabitol; L-Arabitol

5-phosphonooxy-L-lysine 3.2193 0.005356 0.15372 -

Table S1B. Continued
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Table S2. Isobaric compounds untargeted DI-HRMS analysis of [U-13C]-glucose labeling in MDH1 
HEK293 cells corresponding to figures 3,4 and 5.

[Isotopologue] Assigned HMDB name

Sorbitol [M+Cl]- Galactitol [M+Cl]-;Sorbitol [M+Cl]-;Mannitol [M+Cl]-;L-Iditol [M+Cl]-

[M+6+Cl]- NA

Ribitol [M+Cl]- Ribitol [M+Cl]-;D-Arabitol [M+Cl]-;L-Arabitol [M+Cl]-

[M+5+Cl]- NA

Citrate [M]- Citric acid; Isocitric acid; D-threo-Isocitric acid; Diketogulonic acid; 
2,3-Diketo-L-gulonate; (1R,2R)-Isocitric acid; D-Glucaro-1,4-lactone

[M+1]- NA

[M+2]- Succinylacetone [M+Cl]-

[M+3]- NA

[M+4]- NA

[M+5]- NA

[M+6]- NA

2-oxoglutarate [M]- Oxoglutaric acid; 3-Oxoglutaric acid

[M+1]- NA

[M+2]- NA

[M+3]- NA

[M+4]- NA

[M+5]- NA

Glutamate [M]- L-Glutamic acid; N-Methyl-D-aspartic acid; N-Acetylserine; D-Glutamic 
acid;L-4-Hydroxyglutamate semialdehyde; DL-Glutamate

[M+1]- NA

[M+2]- NA

[M+3]- NA

[M+4]- NA

[M+5]- 2H3-Methionine (IS)

Malate [M]- L-Malic acid; Malic acid; D-Malic acid

[M+1]- NA

[M+2]- Senecioic acid [M+Cl]-;2-Ethylacrylic acid [M+Cl]-;3-
Methylbutyrolactone [M+Cl]-

[M+3]- NA

[M+4]- NA

Aspartate [M]- L-Aspartic acid; D-Aspartic acid; Iminodiacetic acid

[M+1]- NA

[M+2]- NA

[M+3]- NA

[M+4]- NA

Acetylcarnitine [M]+ L-Acetylcarnitine 

[M+2]+ NA
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ABSTRACT

The diagnostic evaluation and clinical characterization of rare hereditary anemia 
(RHA) is to date still challenging. In particular, there is little knowledge on the broad 
metabolic impact of many of the molecular defects underlying RHA. In this study we 
explored the potential of untargeted metabolomics to diagnose a relatively common 
type of RHA: Pyruvate Kinase Deficiency (PKD). In total, 1903 unique metabolite 
features were identified in dried blood spot samples from 16 PKD patients and 32 
healthy controls. A metabolic fingerprint was identified using a machine learning 
algorithm, and subsequently a binary classification model was designed. The model 
showed high performance characteristics (AUC: 0.990, 95% CI: 0.981-0.999) and an 
accurate class assignment was achieved for all newly added control (n = 13) and 
patient samples (n = 6), with the exception of one patient (accuracy 94%). Important 
metabolites in the metabolic fingerprint included glycolytic intermediates, 
polyamines and several acyl carnitines. In general, the application of untargeted 
metabolomics in dried blood spots is a novel functional tool that holds promise for 
diagnostic stratification and studies on disease pathophysiology in RHA. 

Key points:
•	 We identified a metabolic fingerprint for patients with Pyruvate Kinase Deficiency 

using untargeted metabolomics in dried blood spots.
•	 This approach opens up a novel area of diagnosis and research in the field of red 

blood cell disorders.
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INTRODUCTION

The group of rare hereditary anemias (RHA) includes a large variety of intrinsic 
defects of red blood cells and erythropoiesis. Our knowledge of the pathophysiology 
of RHA has recently vastly improved, powered by genetic testing and subsequent 
increased knowledge of underlying molecular defects.1–4 However, in a substantial 
number of patients, the clinical phenotype does not fit classical disease criteria, 
the response to therapy is unexpectedly poor, or a molecular defect cannot be 
identified.5–7 In addition, in patients with well-described genetic defects, there is 
often no clear genotype-phenotype correlation.7–9

Pyruvate kinase deficiency (PKD, OMIM #266200), the most common red cell 
glycolytic enzyme defect, is no exception in this respect. The clinical phenotype of 
PKD varies widely, from well-compensated hemolytic anemia to severe hemolysis 
and neonatal mortality. Currently, the diagnosis of PKD relies on the measurement 
of PK activity and/or the identification of homozygous or compound heterozygous 
mutations in the PKLR gene.10,11 However, in a significant number of patients only one 
mutation is identified. In addition, the exact mechanisms leading to reduced lifespan 
of PK-deficient erythrocytes are still largely unknown. Thus, in order to improve the 
diagnostic evaluation as well as our understanding of PKD pathophysiology and the 
genotype-to-phenotype correlation, novel functional tests are needed. In this study 
we demonstrate the potential of untargeted metabolomics in dried blood spots 
(DBS) in the diagnostic evaluation of PKD and report for the first time a metabolic 
fingerprint for PKD.

METHODS

Samples
Sixteen patients diagnosed with PKD based on clinical phenotype, enzyme activity 
assays and molecular defect were included. Healthy controls (HC, from an institutional 
blood donor service) served as controls. All patients or their legal guardians 
approved the use of remnant samples for method development and validation, in 
agreement with institutional and national regulations. All procedures followed were 
in accordance with the ethical standards of the University Medical Center Utrecht and 
with the Helsinki Declaration of 1976, as revised in 2000. For DBS, 50 µL aliquots were 
spotted onto Guthrie card filter paper (Whatman™ 903 Protein Saver Cards). All papers 
were left to dry for at least four hours at room temperature, and subsequently stored 
at -80⁰C in a foil bag with a desiccant package pending further analysis.
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Metabolic profiling
Sample preparation, direct infusion high resolution mass spectrometry (DI-HRMS) 
and data processing was performed as previously reported.12,13 Mass peak intensities 
for metabolite annotation were averaged over technical triplicates. In addition, as 
DI-HRMS is unable to separate isomers, mass peak intensities consisted of summed 
intensities of these isomers. Metabolite annotation was performed using a peak 
calling bioinformatics pipeline developed in R programming software, based on the 
human metabolome database (version 3.6) (https://github.com/UMCUGenetics/
DIMS).14 This resulted in 3835 metabolite annotations corresponding to 1903 unique 
metabolite features. 

To compare the metabolic profiles between HC and PKD, mass peak intensities for 
each identified feature were converted to Z-scores. These scores, based on metabolic 
control samples that were added to each DI-HRMS run, were calculated by the 
following formula:
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‡Metabolic controls exist of a batch of banked DBS samples from individuals in whom an inborn error of metabolism (IEM) was 
excluded after an extensive diagnostic workup. 

Data analysis 
T-test and multivariate analysis were conducted in MetaboAnalyst.15 Classification of data was
performed in R-software (Version 3.6.1) using the caret package, which contains a set of data 
processing functions that facilitate the generation of predictive models. Support vector 
machine (SVM) with linear kernel was used for the classification of HC and PKD samples. SVM 
algorithms use a set of mathematical functions that are defined as the kernel. The function of 
kernel is to take data as input and transform it into the required form, for example a linear or 
polynomial kernel. We applied SVM with a linear kernel, the simplest kernel function, to 
perform the classification of HC and PKD. SVM with linear kernel is a supervised machine 
learning model that uses a classification method, which is based on mapping the data into a 
high dimensional space. This allows the separation of two groups of samples into distinctive 
regions by the identification of a small fraction of samples that separates the groups, also 
referred to as ‘support vectors’. Separation can be achieved by identifying a separating 
hyperplane, or decision boundary, between the support vectors.16 Classification of the test set 
was determined by projecting each of the new samples into this space. Data and R code are 
available upon request. 
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https://github.com/UMCUGenetics/DIMS
https://github.com/UMCUGenetics/DIMS
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RESULTS

Explorative untargeted metabolomics analysis 
A total of 1903 unique metabolite features (and their respective isomers) were 
analyzed for 16 PKD patients and 32 HC samples. Clinical and laboratory characteristics, 
and baseline comparison are summarized in Table 1. The most significant differences 
between groups, identified by a t-test, included glycolytic intermediates like 
phosphoenolpyruvic acid and 2-/3-phosphoglyceric acid, polyamines (spermidine and 
spermine) and several acyl carnitines (methylmalonylcarnitine and propionylcarnitine) 
(Figure 1A). Broad data exploration to assess the variation between samples and 
separation between groups was performed by unsupervised principal component 
analysis (PCA) and supervised partial least square discriminant analysis (PLS-DA), the 
latter taking group label into account as a response variable. Both analyses revealed 
close clustering of control samples and a more heterogeneous delineation for PKD 
patients (Figure S1). 

A machine-learning algorithm identifies metabolic profile for PKD
In order to explore the potential of this extensive metabolic fingerprint in 
predicting PKD a binary classification model was constructed using a support vector 
machine (SVM) with linear kernel. SVM has advantages over PLS-DA with regard to 
robustness to outliers, resistance to overfitting and predictive power.16 An optimal 
hyperplane to separate classes based on all metabolomics data was determined 
by cross validation (4-fold, five repeats). The final model had high performance 
characteristics with an average accuracy of 96%. In addition, receiver operator 
characteristic curves with area under the curve (AUC) were used as performance 
indicator (Figure S2A). Important features for classification in this model include 
the polyamines spermidine and spermine, as well as phosphoenolpyruvic acid,  
2-/3-phosphoglyceric acid and glutathione (Figure 1B). Most of these features were 
increased in PKD, with the exception of glutathione and asparaginyl-proline/prolyl-
asparagine (Figure 1C).

Metabolic profile predicts new samples with high accuracy 
External model validation was performed by predicting new control (n = 13) and 
PKD samples (n = 6). This resulted in accurate prediction for all controls, and all but 
one patient (accuracy = 94%) (Figure 1D). In order to assess uncertainty of the model 
and its predictive ability, bootstrap resampling was applied to the complete dataset. 
By randomly generating training and validation (test) data from the original data, a 
similarly high prediction performance was achieved, supporting the validity of the 
presented model (Figure S2B).
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Figure 1. Univariate and multivariate analysis of untargeted metabolomics data from pyruvate 
kinase deficiency patients and healthy controls A. Heatmap of top 35 significant features identified 
by t-test (p-value cutoff = 0.05). The heatmap was created using Euclidean ward clustering with 
autoscaling of features. B. Top 20 important features represented as percentage identified by support 
vector machine classification. As isomers could not be distinguished using direct infusion high resolution 
mass spectrometry, the annotated numbers near the important features indicate the amount of isomers. 
In addition, letters in the footnote correspond to the following isomers: a) N8-acetylspermidine, b) 
1,4-butanediammonium, c) 3-phosphoglyceric acid; 2-phospho-D-glyceric acid; (2R)-2-hydroxy-3-
(phosphonatooxy)propanoate, d) alanyl-glutamine; alanyl-gamma-glutamate; glutaminyl-alanine; 
gamma-glutamyl-alanine, e) MG(16:1(9Z)/0:0/0:0), f ) asparaginyl-alanine; glutaminyl-glycine; glycyl-
glutamine; glycyl-gamma-glutamate; gamma-glutamyl-glycine, g) N-acetyl-D-glucosamine; Beta-N-
acetylglucosamine; N-acetyl-b-D-galactosamine; N-acetylmannosamine, h) N-acetyl-a-neuraminic acid, i) 
prolyl-asparagine. C. Boxplots of each feature showing Z-scores for control and pyruvate kinase deficiency 
(PKD) groups, respectively. D. Confusion matrix for the prediction of additional samples by the SVM model.
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Table 1. Clinical characteristics of pyruvate kinase deficiency patients and baseline comparison 
to healthy controls. A. Clinical characteristics of pyruvate kinase deficiency (PKD) patients regarding 
age, gender, hemoglobin (Hb), red blood cell count (RBC), reticulocyte count (Retics), white blood 
cell count (WBC), platelets (Plts), treatment and genetic diagnostics. Regular transfusions are defined 
as ≥6 per 12 months. ND: not determined. B. Comparison of age, Hb, Retics and time between blood 
withdrawal and spotting (time to dried blood spots (DBS)) between healthy controls (HC) and PKD 
patients. Data are presented as mean ± standard deviation, except for time to DBS which is presented 
as the median. 

Age (yrs) Gender Hb 
(mmol/L)

RBC
(x1012/L)

Retics 
(x109/L)

WBC 
(x109/L)

Plts 
(x109/L)

Treatment Allele 1 Allele 2

65 female 6.4 2.84 1014 7.3 576 splenectomy; no current treatment c.1178A>G; p.(Asn393Ser) not identified 

2 female 4.8 2.59 343 13.4 345 regular transfusions c.331G>A; p.(Gly111Arg) c.331G>A; p.(Gly111Arg)

6 female 6.6 3.79 431 10.6 645 splenectomy; sporadic transfusion c.331G>A; p.(Gly111Arg) c.331G>A; p.(Gly111Arg)

51 female 9.1 5.26 37.8 4.97 188 no current treatment c.1456C>T; p(Arg486Trp) c.1529G>A; p.(Arg510Gln)

28 male 5.0 2.27 1011 21.1 ND splenectomy; sporadic transfusion c.1073G>A; p.(Gly358Glu) c.1073G>A; p.(Gly358Glu)

29 female 6.3 2.99 180 7.1 239 no current treatment c.142_159del; p.(Thr48_Thr53 del) c.1269G>A; p.(?)

23 female 6.3 2.52 ND 10.0 696 splenectomy; no current treatment c.1269G>A; p.([Met373_
Ala423del;0])

c.1654G>A; p.(Val553Met)

35 male 6.2 3.45 198 5.5 179 no current treatment c.194T>C; p.(Met65Thr) c.721G>T; p.(Glu241*)

48 female 4.1 1.79 694 9.8 657 splenectomy; no current treatment c.1462C>T; p(Arg488*) c.1529G>A; p(Arg510Gln)

25 male 8.4 3.76 627 12.4 732 splenectomy; no current treatment c.142_159del; p.(Thr48_Thr53 del) c.494G>T(p.Gly165Val)

48 male 5.4 2.18 945 13.1 876 splenectomy; no current treatment c.376-2A>C; p. (?) c.1529G>A; p. (Arg510Gln)

21 male 7.2 3.60 181 5.5 245 no current treatment c.390_392het_delCAT; 
p.(Ile131del)

c.1456C>T; p(Arg486Trp)

51 female 5.6 2.86 950 12.3 719 splenectomy; regular transfusions c.507+1G>A; p.[=;0] c.1436G>A; p.(Arg479His)

24 male ND ND ND ND ND splenectomy; no current treatment c.694G>T; p.(Gly232Cys) c.1529G>A; p. (Arg510Gln)

20 female 7.2 3.60 112 6.4 186 regular transfusions c.1529G>A; p.(Arg510Gln) c.1705C>T; p.(Arg569Trp)**

46 male 7.6 3.74 204 6.0 327 no current treatment c.1121T>C; p.(Leu374Pro) c.1706G>A; p.(Arg569Glu)

Normal range* 7.4-10.7 3.6-5.5 25-120 4.0-13.5 150-450

*Age- and gender-dependent; **A third and rare mutation (c. 1639C>T; p(Arg547Cys)) with uncertain 
pathogenicity was identified in this patient.

B. Baseline comparison PKD HC

Age (years) 32.6 ± 17.4 38.9 ± 12.8

Hb (mmol/L) 6.41 ± 1.35 9.12 ± 0.7

Retics (x109/L) 494.8 ± 367.5 58.6 ± 22.4

Median time to DBS (hours) 2.33 2.21
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Metabolic profiles reflect PKD disease severity 

In order to explore the heterogeneity of PKD metabolic profiles in relation to clinical 
phenotype, PCA and PLS-DA were performed for the entire group of patients and 
controls. Based on presence of spleen and transfusion frequency phenotypes were 
distinguished as mild, moderate and severe. Most resemblance to controls in metabolic 
profile was clear for mild phenotypes, followed by severely affected patients (Figure S3). 

DISCUSSION

In this study we performed untargeted metabolomics on DBS and report for the first 
time a metabolic disease fingerprint for PKD. By establishing a predictive machine 
learning model, the diagnostic potential of this approach was demonstrated. This 
metabolic fingerprint has potential to mature into a powerful clinical tool, capable 
of confirming or ruling out the diagnosis of PKD. However, the limitations of machine 
learning models were also demonstrated by the incorrect classification of one PKD 
patient who was homozygous for the common p.(Arg510Gln) mutation.17 Clinically, 
this patient exhibited very mild phenotypic features. As confirmed by the clinical 
severity PLS-DA, patients with a mild phenotype and controls overlap most in their 
DBS metabolome (Figure S3). Since approximately 30% of the initial cohort consists 
of such mildly affected patients, this could further explain why PCA and PLS-DA were 
unable to achieve separation between groups. 

Interestingly, severely affected patients who are heavily transfused (>6 erythrocyte 
transfusions in the past 12 months) despite having undergone a splenectomy, still 
showed a clearly distinctive metabolic profile compared to HC and two of them were 
furthermore correctly assigned as patients (Figure 1D, Table S1). Although numbers 
are modest and further studies are needed, this indicates that this approach is 
reliable even in the setting of transfusions.

Our approach using untargeted metabolomics provides novel insights regarding 
the broad metabolic impact of PKD that could be relevant to better understand 
the etiology of PKD-related symptoms. While glycolytic metabolites and their 
disturbance have been characterized to some extent, little is known regarding the 
broad scale impact of PKD on metabolism. In this respect, the identification of novel 
distinctive metabolites, such as polyamines, which have been found to stabilize the 
red blood cell (RBC) plasma membrane,18 and acyl carnitines, which are involved in 
turnover and repair of the RBC membrane,19 are promising starting points for further 
studies of the PKD pathophysiology. 
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We here report for the first time a metabolic profile for PKD obtained from 
dried whole blood spots. This profile resembles the integrated disease specific 
metabolome to a greater extent compared to the exclusive investigation of the RBC 
metabolome.20,21 In addition, this analysis requires only 50 µL of whole blood and 
can be obtained in a minimally invasive manner by sampling a single blood drop, 
making it very attractive for (international) sample exchange. Further advantages of 
DI-HRMS include relatively uncomplicated sample extraction steps and a short run-
time of 3 minutes per sample. 

The rise of ‘omic’ approaches in the recent past has provided new opportunities for 
understanding and classifying a wide range of disorders. In contrast to conventional 
medical biology approaches, which focus on individual genes, proteins or 
metabolites, modern biology regards diseases as a complex, dynamic and especially 
integrated network.22 Our study, demonstrates the potential diagnostic application 
of untargeted metabolomics for PKD. However, the current model was constructed 
for the binary classification of healthy controls and PKD patients. Future applications, 
including more samples from various types of RHA could enable development of an 
algorithm which is suited for the broader differential diagnosis of RHA in patients.

In conclusion, we demonstrate by proof of principle for PKD, that untargeted 
metabolomics in DBS is a novel functional tool to identify disease fingerprints and 
study pathophysiology in RHA. This approach opens up a novel area of diagnosis and 
research in the field of RBC disorders and has the potential to improve diagnostic 
evaluation and clinical management of patients. 
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Figure S1. Score plots for principal component analysis and partial least square discriminant 
analysis of metabolic profiles from pyruvate kinase deficiency and control groups. A. Principal 
component analysis (PCA) of the metabolic profiles from pyruvate kinase deficiency (PKD) patients and 
control groups. B. Partial least square discriminant analysis (PLS-DA) of the metabolic profiles from PKD 
patients and control groups.

Figure S2. Receiver Operator Characteristic curves (ROC) for classification of training and test sets 
by support vector machine models. A. Classification performance of samples in training and test set 
according to AUC. Note that AUC is a measure of the ability to rank samples according to the probability 
of class membership, meaning that even falsely classified samples can have a higher rank towards the 
correct class compared to other samples. B. Classification performance of samples in bootstrap models 
(n=100) based on the complete data set. 
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Figure S3. Multivariate analysis with distinction of phenotype severity. A. Principal component 
analysis (PCA) plot, and B. partial least squares discriminant analysis (PLS-DA) plot of metabolic profiles 
distinguishing between disease phenotypes based on transfusion dependence and splenectomy. The 
resemblance in metabolic profile to controls is most clear for mild phenotypes, followed by severely 
affected phenotypes from pyruvate kinase deficiency (PKD) patients (possibly related to interference 
of frequent transfusions).
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ABSTRACT

The diagnostic evaluation of Diamond Blackfan anaemia (DBA), an inherited bone 
marrow failure syndrome characterized by erythroid hypoplasia, is challenging 
because of a broad phenotypic variability and the lack of functional screening tests. 
In this study we explored the potential of untargeted metabolomics to diagnose 
DBA. In dried blood spot samples from 18 DBA patients and 40 healthy controls, a 
total of 1752 unique metabolite features were identified. This metabolic fingerprint 
was incorporated into a machine learning algorithm, and a binary classification 
model was constructed using a training set. The model showed high performance 
characteristics (average accuracy 91.9%) and correct prediction of class was observed 
for all controls (n = 12) and all but one patient (n = 4/5) from the validation or ‘test’ 
set (accuracy 94%). Importantly, in patients with congenital dyserythropoietic 
anaemia (CDA) - an erythroid disorder with overlapping features - we observed a 
distinct metabolic profile, indicating the disease specificity of the DBA fingerprint 
and underlining its diagnostic potential. Furthermore, when exploring phenotypic 
heterogeneity, DBA treatment subgroups yielded discrete differences in metabolic 
profiles, which could hold future potential in understanding therapy responses. Our 
data demonstrate that untargeted metabolomics in dried blood spots is a promising 
new diagnostic tool for DBA.

Keywords: untargeted metabolomics, Diamond Blackfan Anaemia, disease 
fingerprint, dried blood Spots, machine-learning algorithm
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INTRODUCTION

Diamond Blackfan Anaemia (DBA, OMIM #105650) is a rare inherited bone marrow 
failure syndrome (IBMFS) characterized by erythroid hypoplasia, congenital 
malformations (~50%), growth defects and an increased risk of developing 
malignancies.1–3 From a clinical and genetic perspective the disorder is highly 
heterogeneous, and clear genotype-phenotype correlations are absent. Since the 
majority of molecular defects have been found in ribosomal protein (RP) genes, 
resulting in impaired ribosome biogenesis, DBA is regarded a ‘ribosomopathy’.4,5 
While its genetic basis has been studied intensively, the pathophysiology of DBA 
is still not fully understood. One of the major unresolved issues is how RP gene 
mutations result in the specific erythroid defect that characterizes DBA.6 

Establishing the diagnosis of DBA can be particularly difficult since, in contrast to 
other IBMFS, no validated functional screening tests exists. Furthermore, the clinical 
presentation is highly heterogeneous, even within families who share a molecular 
defect.7,8 Currently, the diagnosis relies on consensus criteria and exclusion of other 
IBMFs and causes of anaemia. The consensus criteria include age (i.e. presentation 
in the first year of life), macrocytic anaemia, reticulocytopenia and normal marrow 
cellularity with a paucity of erythroid precursors. Alternative criteria that confirm 
or support the diagnosis include the identification of a known molecular defect, 
elevated erythrocyte adenosine deaminase activity and elevated levels of foetal 
haemoglobin.9 In order to improve the diagnostic evaluation of DBA as well as our 
understanding of phenotypic heterogeneity and clinical severity, novel functional 
approaches are needed. One such tool might be metabolomics - the large scale, 
unbiased study of metabolites which directly reflects the biochemical activity and 
state of a sample - and thereby represents the cellular phenotype.10 Here we identify 
and report for the first time on a metabolic fingerprint for DBA using untargeted 
metabolomics in dried blood spots, and demonstrate the potential of this approach 
in the diagnostic evaluation of DBA.
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METHODS

Patients and samples
Eighteen patients diagnosed with DBA were included. Diagnosis in all patients was 
based on a combination of the widely used consensus and supporting criteria and/
or confirmed defects in DBA-associated genes.5,9 In addition, six patients diagnosed 
with the related disorder congenital dyserythropoietic anaemia (CDA) were included 
for subgroup analysis. Healthy volunteers (from an institutional blood donor service) 
served as controls (HC). All patients or their legal guardians approved the use of 
their remnant samples for method development and validation, in agreement with 
institutional and national regulations. All procedures followed were in accordance 
with the ethical standards of the University Medical Center Utrecht and with the 
Helsinki Declaration of 1976, as revised in 2000. Sampling was performed at least 
three weeks after the last transfusion in transfused patients. For dried blood spots 
(DBS), 50 µL aliquots were spotted onto Guthrie card filter paper (Whatman™ 903 
Protein Saver Cards). All papers were left to dry for at least four hours at room 
temperature, and were subsequently stored at -80 ⁰C in a foil bag with a desiccant 
package pending further analysis. 

Metabolic phenotyping
Sample preparation, direct infusion high resolution mass spectrometry (DI-HRMS) 
and data processing were performed as previously reported.11–13 Mass peak intensities 
for metabolite annotations were averaged over technical triplicates. In addition, as 
DI-HRMS is unable to separate isomers, mass peak intensities consisted of summed 
intensities of these isomers. Metabolite annotation was performed using a peak-calling 
bioinformatics pipeline developed in R-programming software, based on the human 
metabolome database (version 3.6) (https://github.com/UMCUGenetics/DIMS). 

DBS samples were distributed over several DI-HRMS runs. In each run, an extra set 
of control samples was included. To compare the metabolic profiles between DBA, 
CDA and HC, mass peak intensities for each identified feature were converted to 
Z-scores. These scores, based on the extra control samples, were calculated by the 
following formula:

METHODS

Patients and samples 
18 patients diagnosed with DBA were included. Diagnosis in all patients was based on a 
combination of the widely used consensus and supporting criteria and/or confirmed defects in 
DBA-associated genes.5,9 In addition, 6 patients diagnosed with the related disorder congenital 
dyserythropoietic anaemia (CDA) were included for subgroup analysis. Healthy volunteers 
(institutional blood donor service) served as controls (HC). All patients or their legal guardians 
approved the use of their remnant samples for method development and validation, in 
agreement with institutional and national regulations. All procedures followed were in 
accordance with the ethical standards of the University Medical Center Utrecht and with the 
Helsinki Declaration of 1976, as revised in 2000. Sampling was performed at least 3 weeks after 
the last transfusion in transfused patients. For dried blood spots (DBS), 50 µL aliquots were 
spotted onto Guthrie card filter paper (Whatman no. 903 protein Saver TM cards). All papers 
were left to dry for at least four hours at room temperature, and were subsequently stored at 
-80 ⁰C in a foil bag with a desiccant package pending further analysis. 

Metabolic phenotyping 
Sample preparation, direct infusion high resolution mass spectrometry (DI-HRMS) and data 
processing was performed as previously reported.11–13 Mass peak intensities for metabolite 
annotations were averaged over technical triplicates. In addition, as DI-HRMS is unable to 
separate isomers, mass peak intensities consisted of summed intensities of these isomers. 
Metabolite annotation was performed using a peak calling bioinformatics pipeline developed 
in R programming software, based on the human metabolome database (version 3.6) 
(https://github.com/UMCUGenetics/DIMS).  

DBS-samples were distributed over several DI-HRMS runs. In each run, an extra set of control 
samples was included. To compare the metabolic profiles between DBA, CDA and HC, mass 
peak intensities for each identified feature were converted to Z-scores. These scores, based on
the extra control samples, were calculated by the following formula:

𝑍𝑍 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
(𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎	𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒	𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑃𝑃𝑡𝑡	𝑜𝑜𝑟𝑟	𝐻𝐻𝐶𝐶	𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀	𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎	𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒	𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒	𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜	𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆	𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑	𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡	𝑜𝑜𝑜𝑜	𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜	𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐	𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ‡

‡Metabolic controls exist of a batch of banked DBS samples from individuals in whom an inborn error of metabolism (IEM)
was excluded after an extensive diagnostic workup. 

Data analysis 
Z-scores calculated from multiple DI-HRMS runs were combined in a final dataset. 
Data analyses were conducted in MetaboAnalyst without further data filtering or 
normalization.14 Outlying metabolite features were identified using the PCA loadings plot. 

‡ �Metabolic controls exist of a batch of banked DBS samples from individuals in whom an inborn error 
of metabolism (IEM) was excluded after an extensive diagnostic workup. 

https://github.com/UMCUGenetics/DIMS
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Data analysis
Z-scores calculated from multiple DI-HRMS runs were combined in a final dataset. 
Data analyses were conducted in MetaboAnalyst without further data filtering or 
normalisation.14 Outlying metabolite features were identified using the PCA loadings 
plot. In total, 15 outlying features were removed, culminating in a final dataset of 
1765 unique features corresponding to 3541 metabolite annotations.

Classification of data was performed in R-software (Version 3.6.1) using the ‘caret’ 
package. This package contains a set of data-processing functions that facilitate the 
generation of classification and regression models. In this study, a support vector 
machine (SVM) with linear kernel¥ - the simplest kernel function without further data 
transformation - was used for classifying DBA and HC samples. SVM is a supervised 
machine-learning model that classifies samples based on the mapping of all data 
into a high dimensional space, allowing for the separation of two groups of samples 
into distinct regions by the identification of ‘support vectors’. Classification is then 
achieved by identifying a separating hyperplane - or decision boundary - between 
support vectors, and projecting new/unclassified samples into this space. For this 
analysis, additional features with missing values were removed, resulting in 1737 
unique features for modelling. Data and R-code are available upon request. 

¥ �The function of kernel is to take data as input and transform it into the required form, for example a 
linear or polynomial kernel

RESULTS

Explorative untargeted metabolomics identifies metabolic 
fingerprint
In total, 1752 unique metabolite features were analysed from DBS samples of 18 
patients and 40 controls. Baseline characteristics of patients are summarised in Table 1.  
The DBA patient cohort was characterised by a female predominance (72%) and 
a lower median age than the controls (9.19 versus 33.8 years). To determine the 
variation and distinction between samples and groups (DBA and HC), initial data 
exploration was performed by principal component analysis (PCA), an unsupervised 
technique which does not take the group label into account. This demonstrated 
equally distributed variance in metabolic profiles, with a certain degree of overlap 
between DBA and HC (Figure 1A). 

Furthermore, using univariate t-test analysis, we observed significant differences 
between groups, including decreased metabolites corresponding in mass to 
methylmalonylcarnitine (an acyl carnitine), homo-L-arginine, hippuric acid (an acyl 
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glycine), and lipoic acid (an essential cofactor for mitochondrial enzyme complexes). 
In addition, we found significantly increased glutamic acid, threonic acid (possibly a 
metabolite of ascorbic acid (vitamin C)), dodecanedioic acid (a medium-chain fatty 
acid) and inosine (one of the purine nucleosides) (Figure 1B). We next performed 
partial least squares discriminant analysis (PLS-DA), a supervised analysis that 
takes into account the group label. This resulted in clear separation between DBA 
and HC, thereby confirming distinct metabolic signatures (Figure 1C). Metabolites 
contributing most to the separation are shown in Figure 1D.
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Figure 1. Metabolic fingerprint in DBS of DBA patients. A. Principal component analysis (PCA) of 
Diamond Blackfan Anaemia (DBA) and healthy controls (HC) displayed with 95% confidence regions. 
B. Heatmap of 25 most significant features identified by t-test (raw p-value <0.0001). The heatmap was 
created using Euclidian ward-clustering with autoscaling of features. A comprehensive overview of 
p-values and isomers is displayed in supplementary Table S2. C. Partial least squares discriminant analysis 
(PLS-DA) of DBA and HC displayed with 95% confidence regions. D. Variable importance in projection 
(VIP)-scores demonstrating the 25 features contributing the most to separation of patients and controls 
in the PLS-DA. An overview of VIP-scores and isomers is displayed in supplementary Table S3.
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DBA HC

Age (years) 9.19 ± 7.59 33.8 ± 8.64

Hb (mmol/L) 6.16 ± 1.58 9.07 ± 0.80

Retics (x109/L) 49.3 ± 23.5 60.0 ± 18.4

Time to DBS (hours) 4.56 ± 6.59 4.42 ± 7.45

A machine-learning algorithm enables prediction of DBA with high 
accuracy
To generate a model that can predict the diagnosis of DBA based on the metabolic 
profile, the dataset was incorporated into a machine-learning algorithm. Using 
a support vector machine with a linear kernel, a binary classification model was 
constructed by randomly dividing patients and controls into a ‘training’ set (28 HC, 
13 DBA) or ‘test’ set (12 HC, 5 DBA), followed by repeated (internal) cross validation 
(3-fold, three repeats) to identify the optimal hyperplane separating patients from 
controls. The final model had high performance characteristics with an average 
accuracy of 91.9%. In addition, receiver operator characteristic curves with the 
area under the curve were used as performance indicator (Figure 2A, AUC train: 
0.903 (0.827-0.980)). External model validation was performed by predicting the 
‘new’ control and patient samples from the ‘test’ set (12 HC, 5 DBA) (Figure 2A, AUC 
test: 0.933 (0.791-1.000)). For the selected final model, this resulted in the accurate 
prediction of class for 4/5 patients and all controls (accuracy 94.1%, 95% CI: 71.3-
0.99.9) (Figure 2B). To assess the uncertainty of the final model and its predictive 
ability, bootstrap resampling (100 repeats) was applied to the entire dataset, resulting 
in a similarly high prediction performance (AUC test: 0.930 (0.914-0.946)), and 
supporting the validity of the presented model (Figure 2C). Important features for 
classification in this model again included methylmalonylcarnitine, dodecanedioic 
acid, hippuric acid and glutamic acid (Figure 2D).

DBA and CDA patients show a distinct metabolic profile
To assess disease specificity of the metabolic fingerprint, the DBS-metabolome of six 
patients with congenital dyserythropoietic anaemia (CDA) - a clinically overlapping 
disorder of erythropoiesis in which proliferation and differentiation of erythroid 
precursors is affected - was studied (patient characteristics are shown in Table 
S1). Although the CDA group was relatively small, a distinct metabolic profile was 
observed for CDA patients compared to both DBA patients and healthy controls, by 
natural clustering in the PCA plot (Figure 3A) and evident separation of both patient 
groups in PLS-DA (Figure 3B). The most significant differences between DBA and CDA, 

Table 1. Continued
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identified by t-test, are shown in a heatmap in Figure 3C, including an increase in 
acyl carnitines (stearoylcarnitine, oleoylcarnitine and L-palmitoylcarnitine), riboflavin 
(a vitamin B2 precursor) and polyamines (spermine, spermic acid 2, spermidine and 
N1-acetylspermidine) in the CDA patients.
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Figure 2. Machine-learning algorithm predicts DBA based on metabolic profile. A. Classification 
performance of samples in training (cross validation SVM model, n = 84 control, 39 DBA) and test set 
(n =12 control, 5 DBA). Note that AUC is a measure of the ability to rank samples according to the 
probability of class membership, meaning that even falsely classified samples can have a higher rank 
towards the correct class compared to other samples. B. Confusion matrix for the prediction of samples 
from the test set by the SVM model. C. Classification performance of samples in 100 bootstrapped SVM 
models (training: n = 11901 control, 5499 DBA; test: n =1381 control, 519 DBA). D. Top 20 important 
features with importance score identified by support vector machine. An overview of importance scores 
and isomers is displayed in Table S4.
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Figure 3. Metabolic profile of DBA compared to CDA. A. Principal component analysis (PCA) plot, and 
B. partial least squares discriminant analysis (PLS-DA) plot of the metabolic profiles from DBA patients 
compared to CDA patients and healthy controls, displayed with 95% confidence regions. C. Heatmap 
of 25 most significant features identified by t-test (raw p-value <0.002) for DBA vs. CDA. The heatmap 
was created using Euclidian ward-clustering with autoscaling of features. A comprehensive overview 
of p-values and isomers is displayed in Table S5.

DBS metabolome are instrumental to study differences in 
therapeutic subgroups
To investigate the heterogeneity of DBA metabolic profiles in relation to treatment 
modalities, PCA (data not shown) and PLS-DA were performed for the entire group 
of patients and controls. Based on treatment (Table 1), patients were divided 
in non-treated (DBA-N), glucocorticoid-treated (DBA-G) and transfused groups 
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(DBA-T). In terms of metabolic profile, untreated DBA patients and patients treated 
with glucocorticoids overlapped and profiles differed the least from controls. 
Transfused DBA patients were metabolically most distinct from controls (Figure 4A). 
When controls were removed from the respective analyses, the most significant 
differences between DBA treatment subgroups, included increased alpha-tocopherol 
(active vitamin E) in non-treated patients, increased pantothenic acid (vitamin B5) 
in transfused patients and decreased 3-hydroxy-cis-5-tetradecenoylcarnitine in 
glucocorticoid treated patients (Figure 4B). 
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Figure 4. Metabolic profile in relation to treatment modality. A. Partial least squares discriminant 
analysis (PLS-DA) of non-treated (DBA-N), steroid (DBA-G) and transfused DBA patients (DBA-T) 
displayed with 95% confidence regions. B. Heatmap of 25 most significant features identified by t-test 
(raw p-value <0.02). The heatmap was created using Euclidian ward-clustering with autoscaling of 
features. A comprehensive overview of p-values and isomers is displayed in Table S6. 

DISCUSSION

In this study, we performed untargeted metabolomics in dried blood spots in 
a relatively large cohort of DBA patients with diverse genotypes and clinical 
phenotypes. We report here for the first time a specific metabolic fingerprint for DBA. 

By incorporating the metabolic fingerprint of DBA in a machine learning algorithm, 
we demonstrate promising performance characteristics for predicting DBA. This 
highlights the diagnostic potential of our approach. This is further strengthened by 
the distinct metabolic profile of DBA and CDA patients, the latter being a disorder 
with clinical and diagnostic features similar to DBA. Due to the rare nature of CDA 
and, consequently, the relatively small sample size in this study, it is currently not 
possible to design a machine learning algorithm that integrates both CDA and 
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DBA patients. The distinct profile in our cohort of CDA patients, however, supports 
the hypothesis that the metabolic fingerprint of DBA is disease specific. Further 
study of a larger number of CDA-samples could enable the construction of a  
multi-diagnosis model.

Generally, the validity of machine-learning-based algorithms is strongly dependent 
on the input that is used in its construction. Considering that DBA is a rare disease, 
the current cohort of patients on which our model is based is substantial, yet 
relatively small and too heterogeneous to generate a powerful prediction model. 
This is demonstrated by the incorrect classification of one DBA patient with a 
pathogenic RPS19 mutation yet only mild clinical features. While distinct profiles 
were identified, and the algorithm performed robustly despite group heterogeneity, 
increasing sample size (including better age-matched controls) will allow for 
better stratification of patients. For example, the specific profiles seen for different 
treatment modalities, illustrate that this approach of DBS metabolomics can be 
instrumental in investigating subgroups and heterogeneity in DBA. In line with this, 
the current approach could offer a platform for investigating treatment responses. 
This is supported by the finding that non-treated patients (those in haematological 
remission) and glucocorticoid-treated patients cluster most closely to controls, while 
transfused patients show the most deviant profile. Studying the DBS metabolome 
in glucocorticoid-treated patients in particular could identify determinants of 
steroid response, and help predict steroid response in patients. To this end, future 
investigations should include sampling patients before start of - and during 
treatment with - glucocorticoids.

Targeting cellular metabolism is increasingly and successfully being explored as a 
therapeutic option for various forms of hereditary anaemias, and metabolic insights 
have proven vital in these developments.15–18 In particular, the amino acid leucine 
is currently being explored as a potential modulator of protein synthesis in DBA 
patients.19 Recently results of the first clinical trial have been published, showing 
a partial or complete haematological response in 7/43 patients (16.3%), and more 
strikingly, positive effects on growth in 9/25 (height) and 11/25 (weight) patients, 
respectively.20 How leucine exerts its effect on both erythropoiesis and growth 
remains to be defined, but it has been assumed that it involves upregulating of 
ribosome biosynthesis via the mTOR pathway as well as improved translational 
efficiency through activation of translation-initiation factors.21 While leucine levels 
in our analyses did not differ significantly between DBA patients and healthy controls 
(data not shown), increasing insights into the metabolic disturbances that occur in 
DBA could lead to the identification of new therapeutic targets.
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Interestingly, inosine - a purine nucleoside - emerged in the DBA fingerprint among 
the top metabolites significantly differing between patients and controls. Although 
the long-recognized increased activity of erythrocyte adenosine deaminase - 
an enzyme of the purine salvage pathway - has remained elusive to date in the 
majority of DBA patients, our findings suggest that purine metabolism might be 
more broadly involved in DBA disease biology. In addition, the finding of increased 
alpha-tocopherol in the non-treated patients (i.e. patients who are recognised as 
being in ‘haematological remission’) is interesting, as vitamin E facilitates intracellular 
scavenging of ROS, and its levels in blood are known to reflect redox status.22,23 
Hence, a better anti-oxidant status may be associated with the haematological 
remission phenotype in these patients. Future studies are required to determine 
and validate these metabolic disturbances at a (red) cellular level as opposed to the 
whole blood metabolome that we study here. 

In conclusion, we report on a new application of untargeted metabolomics in dried 
blood spots, a minimally invasive approach with diagnostic potential in Diamond 
Blackfan Anaemia, which could be instrumental in investigating clinical phenotypes 
and treatment response.
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Table S2. Overview of p-values and isomers corresponding to the features in the heatmap of DBA vs. 
controls in Figure 1B. 

Feature T-statistic p-value FDR Isomers

Homo-L-arginine 4.1896 1.0006E-4 0.0088304  -

Methylmalonylcarnitine 5.0878 4.3705E-6 0.0012856  -

Menadione 4.906 8.3778E-6 0.0018484  -

Hippuric acid 4.4922 3.5754E-5 0.0042245  -

Phosphocreatinine 5.7171 4.3648E-7 2.568E-4  -

(R)-Lipoic acid 4.196 9.7915E-5 0.0088304 (S)-lipoic acid

Creatinine 5.84 2.7664E-7 2.568E-4  -

L-isoleucyl-L-proline 4.6524 2.05E-5 0.0035459 L-leucyl-L-proline; Isoleucyl-
Proline; Leucyl-Proline

Thymine -4.5285 3.1543E-5 0.0042245 Imidazoleacetic acid; 
Imidazol-4-ylacetate

Cortol -4.8174 1.1477E-5 0.0022507 Beta-cortol

L-Glutamic acid -5.527 8,8165E-7 3.8903E-4 N-Methyl-D-aspartic acid; 
N-acetylserine; D-Glutamic 
acid; L-4-Hydroxyglutamate 
semialdehyde; DL-
Glutamate

Glucosamine -4.6309 2.2099E-5 0.0035459 Fructosamine; beta-D-
Glucosamine

Gutarylglycine -4.1139 1.2878E-4 0.010823 N-Acetylglutamic acid

Threonic acid -5.7393 4.0197E-7 2.568E-4  -

Molybdate -4.2819 7.332E-5 0.0080881  -

Deoxycholic acid glycine 
conjugate

-3.907 2.5419E-4 0.017946 Glycoursodeoxycholic acid; 
Chenodeoxyglycocholic acid

3,4-Dihydroxyphenylglycol -4.4995 3.4861E-5 0.0042245 3,4-Methyleneadipic acid

Inosine -4.491 3.5902E-5 0.0042245 Allopurinol riboside; 
Arabinosylhypoxanthine

Anserine -4.2183 9.0856E-5 0.0088304 Homocarnosine; Balenine

3-Methylcrotonylglycine -4.0118 1.8051E-4 0.013275 Tiglylglycine

Dodecanedioic acid -5.2805 2.1746E-6 7.6765E-4  -

Quinaldic acid -4.9707 6.6529E-6 0.0016775  -

Mevalonic acid -4.2627 7.8235E-5 0.0081227 (R) 2,3-Dihydroxy-
3-methylvalerate; 
(R)-mevalonate; 
(2-Methoxyethoxy)
propanoic acid

2-Pyrrolidinone -4.0826 1.429E-4 0.011465  -

3,4-Methylenesebacic acid -4.0449 1.6185E-4 0.01242  -
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Table S3. Overview of variables important in projection (VIP)-scores and isomers corresponding to the 
features in the PLS-DA of DBA vs controls in Figure 1D. 

Feature PLS-DA 
VIP (1)

PLS-DA 
VIP (2) 

Isomers

6-Methylthiopurine 
5’-monophosphate 
ribonucleotide

11.319 11.923  -

D-Glyceraldehyde 3-phosphate 6.8841 6.4275 Dihydroxyacetone phosphate

Imidazoleacetic acid ribotide 6.8118 6.3539  -

Citric acid 5.3514 4.9771 Isocitric acid; D-threo-Isocitric acid; 
Diketogulonic acid; 2,3-Diketo-L-gulonate; 
(1R,2R)-Isocitric acid; D-Glucaro-1,4-lactone

Oxalic acid 5.2433 4.8822  -

Hexadecanedioic acid 4.7787 4.4478  -

Phosphocreatinine 4.729 4.3996  -

Methionyl-Tyrosine 4.6122 4.3979 Tyrosyl-Methionine

Glyceric acid 1,3-biphosphate 4.2866 4.0979 2,3-Diphosphoglyceric acid

Prolylhydroxyproline 3.9068 3.9834 Hydroxyprolyl-Proline; Prolyl-
Hydroxyproline

Sedoheptulose 
1,7-bisphosphate

3.8101 3.821  -

Glycylproline 3.3158 3.0856 L-prolyl-L-glycine 

Adenosine triphosphate 3.2784 3.1263 dGTP; 2-hydroxy-dATP

Behenoylglycine 3.2766 3.0535  -

(R)-Lipoic acid 3.2678 3.0473 (S)-lipoic acid

N-Methylputrescine 3.1696 2.9486 N-Methylputrescinium

Glucosamine 3.1628 2.9582 Fructosamine; beta-D-Glucosamine

L-beta-aspartyl-L-alanine 3.0369 3.0527 5-L-Glutamylglycine; Alanyl-Aspartate; 
Aspartyl-Alanine

Glutathione 2.9944 2.6621  -

Myristic acid 2.9714 2.7639 2,6,10-Trimethylundecanoic acid



195|Metabolic fingerprint in DBA

7

Table S4. Overview of important features in the support vector machine (SVM) model and isomers 
corresponding to the features in Figure 2D. 

Feature SVM
importance score

Isomers

Threonic acid 100  

Mevalonic acid 100 (R) 2,3-Dihydroxy-3-methylvalerate; 
(R)-mevalonate; (2-Methoxyethoxy)
propanoic acid

2-(1-Ethoxy)propanoic acid 98.3  

L-Glutamic acid 97.28 N-Methyl-D-aspartic acid; 
N-acetylserine; D-Glutamic acid; 
L-4-Hydroxyglutamate semialdehyde; 
DL-Glutamate

Oxalacetic acid 93.54  

Phosphocreatinine 93.2  

Menadione 93.2  

Hippuric acid 91.84  

Quinaldic acid 91.84  

Azelaic acid 91.16 Nonate; 2,4-Dimethylpimelic acid; 
3-Methylsuberic acid; Diethyl 
methylsuccinate; Diethyl glutarate

Spermidine 90.82  

4-Hydroxybenzoic acid 90.48 Gentisate aldehyde

Homo-L-arginine 90.14  

Dodedecanedioic acid 89.8  

3.4-Dihydroxyphenylglycol 88.1 3,4-Methyleneadipic acid

1,4’-Bipiperidine-1’-carboxylic acid 87.76  

Hydroxyprolyl-Isoleucine 86.73 Hydroxyprolyl-Leucine; Isoleucyl-
Hydroxyproline; Leucyl-Hydroxyproline

Prolylhydroxyproline 85.37 Hydroxyprolyl-Proline; Prolyl-
Hydroxyproline

3,17-Androstanediol glucuronide 85.03 3-alpha-Androstanediol glucuronide; 
17-Hydroxyandrostane-3-glucuronide

(±)3-Hydroxynonanoic acid 84.69  
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Table S5. Overview of p-values and isomers corresponding to the features in the heatmap of DBA vs. 
CDA in Figure 3C. 

Feature T-statistic p-value FDR Isomers

4-Hydroxy-5-
(dihydroxyphenyl)-
valeric acid-O-sulphate

-3.989 6.1953E-4 0.072074 4-Hydroxy-5-(dihydroxyphenyl)-
valeric acid-O-sulphate III

Galactitol -6.3344 2.2492E-6 0.0039699 Sorbitol; Mannitol; L-Iditol

3-Methoxytyramine -3.6715 0.0013393 0.098496 p-Synephrine; 4-Methoxytyramine; 
Epinine; 4-Hydroxynorephedrine; 
a-Methyldopamine

Oleoylcarnitine 4.2583 3.2108E-4 0.069832 Vaccenyl carnitine; 
Elaidic carnitine; 
11Z-Octadecenylcarnitine

N-acetylgalactosamine 3.9672 6.5336E-4 0.072074 N-Acetyl-D-glucosamine; 
Beta-N-Acetylglucosamine; 
N-Acetyl-b-D-galactosamine; 
N-Acetylmannosamine

L-Palmitoylcarnitine 4.2111 3.6027E-4 0.069382  -

Stearoylcarnitine 3.9825 6.2949E-4 0.072074 - 

Tetracosatetraenoic 
acid (24:4n-6)

3.8876 7.9297E-4 0.082329 - 

Spermidine 3.8059 9.6717E-4 0.089845 - 

Alanyl-isoleucine 5.6065 1.2298E-5 0.010853 Alanyl-Leucine; Isoleucyl-Alanine; 
Leucyl-Alanine

N1-Acetylspermidine 5.4224 1.9066E-5 0.011217 N8-Acetylspermidine

Creatinine 3.6746 0.0013292 0.098496 - 

LysoPC(16:0) 4.2335 2.7446E-4 0.069832 - 

LysoPC(18:0) 3.7155 0.001204 0.096598 LysoPC(0:0/18:0)

Spermic acid 2 3.8572 8.5383E-4 0.083723 Isoleucyl-Threonine; Leucyl-
Threonine; Threoninyl-Isoleucine; 
Threoninyl-Leucine

Glycerol 3-phosphate 3.7538 0.0010974 0.092233 Beta-Glycerophosphoric acid

Uric acid 4.1728 3.9565E-4 0.069832 - 

3-Methylhistidine 4.017 5.7864E-4 0.072074 - 

Riboflavin 3.7753 0.0010417 0.091928 - 

Cysteinyl-Isoleucine 4.2441 3.3238E-4 0.069832 Cysteinyl-Leucine; Isoleucyl-
Cysteine; Leucyl-Cysteine

Creatine 4.9804 5.5243E-5 0.024376 Beta-Guanidinopropionic acid

Spermine 3.9964 6.085E-4 0.072074 - 

7-Methylguanine 4.488 1.8318E-4 0.064662 3-Methylguanine; 
1-Methylguanine; N2-
Methylguanine

Dihydrothymine 4.0208 5.7332E-4 0.072074 - 
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Table S6. Overview of p-values and isomers corresponding to the features in the heatmap of DBA 
treatment modalities in Figure 4B.

Feature f-value p-value FDR Isomers

Glycolic acid 6.4902 0.0093172 0.98225 -

Iodine 9.2976 0.0023637 0.91568 - 

3-Oxoalanine 5.7528 0.013985 0.98225 - 

LysoSM(d18:1) 5.1625 0.019682 0.98225 - 

AICAR 13.362 4.6531E-4 0.41063 - 

Quinolinic acid 5.594 0.015308 0.98225 - 

4-Hydroxy-5-(3’,4’-
dihydroxyphenyl)-valeric 
acid-O-methyl-O-
glucuronide 

26.575 1.1741E-5 0.020723 - 

Alpha-Tocopherol 6.6789 0.0084262 0.98225 4alpha-Hydroxymethyl-
4beta-methyl-5alpha-
cholesta-8-en-3beta-ol; 
4-beta-Hydroxymethyl-4-alpha-
methyl-5-alpha-cholest-7-en-3-
beta-ol

Dihydroglycitein 8.3888 0.0035874 0.91568 - 

Ciliatine 5.8392 0.013319 0.98225 - 

Leukotriene D5 6.797 0.0079182 0.98225 - 

Pantothenic acid 6.4853 0.00934117 0.98225 - 

Dihydrouracil 5.7494 0.014011 0.98225 N-Methylhydantoin

11b-Hydroxyprogesterone 5.3133 0.01801 0.98225 7’-Carboxy-gamma-tocotrienol

Equol 4’-O-glucuronide 6.8418 0.0077345 0.98225 Equol 7-O-glucuronide

3-Hydroxy-cis-5-
tetradecenoylcarnitine

11.648 8.850E-4 0.52072 - 

Phenylalanyl-Valine 8.0829 0.0041504 0.91568 Valyl-Phenylalanine

Methionyl-Proline 5.232 0.01889 0.98225 Prolyl-Methionine

2-Hydroxyundecanoate 5.1679 0.019619 0.98226 - 

19-Noraldosterone 8.1293 0.0040589 0.91568 - 

5-Methylcytidine 6.1175 0.011408 0.98225 - 

Nb-Acetyl-Nb-
methyltryptamine

7.398 0.0058144 0.98225 - 

6-Hydroxymelatonin 
glucuronide

5.4177 0.016947 0.98225 - 

12-Hydroxy-13-O-D-
glucuronoside-octadec-
9Z-enoate

8.9675 0.0027431 0.91568 12-O-D-Glucuronoside-13-
hydroxyoctadec-9Z-enoate; 
10-Hydroxy-octadec-12Z-enoate-
9-beta-D-glucuronide; 9-Hydroxy-
10-O-D-glucuronoside-12Z-
octadecenoate

Glutaminyl-Threonine 5.5984 0.015269 0.98225 Threoninyl-Glutamine; Threoninyl-
Gamma-glutamate; Gamma-
glutamyl-Threonine
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ABSTRACT

Hereditary spherocytosis (HS) is a clinically and molecularly heterogeneous 
disorder in which genotype-phenotype correlations are largely unclear. Although 
the mechanistic basis of decreased red blood cell (RBC) deformability in HS is well 
established, little is known about the metabolic consequences of reduced membrane-
cytoskeleton integrity in HS. This question is especially relevant given the role of 
RBC membrane proteins in cellular metabolism. In this study, we used untargeted 
metabolomics to investigate broad metabolic changes in the dried blood spots 
(DBS) from a substantial cohort of HS patients. In DBS samples from 35 HS patients 
and 50 healthy controls, the 1770 uniquely identified metabolite features revealed 
distinct metabolic profiles between groups using principal component analysis and 
partial least square discriminant analysis. Distinctively increased metabolites in the 
HS metabolic fingerprint include polyamines and (acyl)carnitines, whereas vitamin 
B6 intermediates, 2,3-diphosphoglyceric acid and glyceraldehyde 3-phosphate were 
significantly decreased in HS (p<0.0001). Interestingly, the HS metabolic profiles 
related to clinical subgroups of mildly, moderately and severely affected patients, 
and they correlated with full blood count parameters and red cell characteristics, 
such as deformability. Here, we demonstrate that untargeted metabolomics in DBS 
is instrumental in investigating phenotypic heterogeneity and provides promising 
leads for studying pathophysiological mechanisms in HS. 

Keywords: untargeted metabolomics, hereditary spherocytosis, disease fingerprint, 
dried blood spots, polyamines. 
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INTRODUCTION

Hereditary spherocytosis (HS) is the most common cause of hereditary chronic 
hemolytic anemia in people of northern European descent (1:2000-3000).1 
Characterized by impaired red blood cell (RBC) membrane integrity due to disruption 
of the (vertical) association between the cytoskeleton and the plasma membrane, 
RBCs from HS patients show enhanced membrane loss and thereby surface area. As a 
result, RBCs become spheroidal with decreased deformability, leading to premature 
splenic sequestration.2,3

HS is highly heterogeneous both molecularly and phenotypically. Mutations have 
been identified in many of the major proteins of the cytoskeleton or RBC membrane 
(i.e. Band 3, ankyrin, α-spectrin, β-spectrin, protein 4.2). Clinically, a broad phenotypic 
spectrum is recognized, ranging from asymptomatic or well-compensated anemia 
to severe forms requiring regular blood transfusions and splenectomy. Moreover, 
genotype-phenotype correlations are incompletely understood.4

In light of the reported association between membrane proteins (especially band 
3) and regulation of RBC metabolism,5,6 we investigated the metabolic impact of 
membrane defects using untargeted metabolomics in dried blood spots (DBS). 
Here we report a metabolic fingerprint for HS that provides promising leads for 
understanding clinical heterogeneity in patients as well as leads for further study 
into pathophysiological mechanisms associated with decreased membrane and 
cytoskeleton integrity. 

METHODS

Patients and samples
Thirty-five patients diagnosed with HS were included. Diagnosis was based on full 
blood count, general markers of hemolysis, family history and functional testing 
(osmotic gradient ektacytometry, eosin-5’-maleimide binding and the osmotic fragility 
test). Diagnosis was confirmed in the majority of cases by next generation sequencing 
gene panel analysis. Healthy volunteers (from an institutional blood donor service) 
served as controls (HC). All patients or their legal guardians approved the use of left-
over material for method development and validation, in agreement with institutional 
and national legislation. All procedures followed were in accordance with the Helsinki 
Declaration of 1976, as revised in 2000, and the ethical standards of the University 
Medical Center Utrecht (University Medical Center Utrecht Biobank Regulations; 
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version June 19th 2013). For DBS, 50 µL aliquots of whole blood (EDTA) were spotted 
onto Guthrie card filter paper (Whatman™ 903 Protein Saver Cards). All spots were left 
to dry for at least four hours at room temperature, and were subsequently stored at 
-80 ⁰C in a foil bag with a desiccant package pending further analysis.

Untargeted metabolic phenotyping
Sample preparation, direct infusion high resolution mass spectrometry (DI-HRMS) 
and data processing were performed as previously reported.7–9 Mass peak intensities 
for metabolite annotation were averaged over technical triplicates. As DI-HRMS is 
unable to separate isomers, mass peak intensities consisted of summed intensities of 
isomers. Metabolite annotation was performed using a peak-calling bioinformatics 
pipeline developed in R-programming software, based on the human metabolome 
database (version 3.6) (http://github.com/UMCUGenetics/DIMS).10

DBS samples were distributed over several DI-HRMS runs. To each DI-HRMS run, an 
extra set of control samples was added (spotted from heparin blood). To compare 
the metabolic profiles of HS and HC between runs, mass peak intensities for each 
identified feature were converted to Z-scores. These scores, based on the extra 
control samples, were calculated by the following formula:
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‡ �Extra controls exist of a batch of banked DBS samples from individuals in whom an inborn error of 
metabolism (IEM) was excluded after an extensive diagnostic workup. 

Data analysis
Z-scores calculated from several DI-HRMS runs were combined to create a final 
metabolomics dataset. Data analyses were conducted in MetaboAnalyst.11 No further 
data filtering or normalization was applied. Outlying metabolite features were 
identified using the principal component analysis (PCA) loadings plot. In total, 10 
outlying features were removed, resulting in a final dataset of 1770 unique features 
corresponding to 3565 metabolite annotations. Multivariate PCA and partial least 
squares discriminant analysis (PLS-DA) were conducted, as well as a two-sample 
t-test with equal group variance. Additional analyses were performed in GraphPad 
Prism (Version 8.3.0.538). Individual Z-scores of features were compared using the 
Mann-Whitney test. Correlations between Z-scores and blood characteristics were 
analyzed using Spearman’s Rank. A Bonferroni correction for multiple testing was 
applied, considering p-values statistically significant when p<0.001.

http://github.com/UMCUGenetics/DIMS
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Ektacytometry
Osmotic gradient ektacytometry data were available for 30 of 35 HS patients. This 
functional test of RBC deformability is performed using the Laser optical rotational 
red cell analyzer (Lorrca, RR Mechatronics, Zwaag, The Netherlands). Deformability 
is expressed as the elongation index (EI), which is calculated by the height and 
width of the diffraction pattern that reflects elongation of RBCs within the sample 
solution during increasing osmolality (50-600 mOsm/kg) at a constant shear stress 
of 30 Pa. Measurements were carried out according to the manufacturer’s guidelines, 
as described elsewhere.12,13 Briefly, 250 µL of whole blood was standardized to 
a fixed RBC count of 1000•106 and injected into a viscous solution (Iso-elon, RR 
Mechatronics) and subsequently exposed to an osmolality gradient and shear of 
30 Pa. The main outcome parameters are: 1) Omin, which reflects the surface area-
to-volume ratio; 2) EImax, which is the maximum deformability during changing 
osmolarity; 3) Ohyper, which reflects RBC dehydration status; and 4) Area under the 
curve (AUC) (Figure S4A).

For the cell membrane stability test (CMST), whole blood standardized for a fixed RBC 
count of 200•106 is mixed with 5 mL of the Iso-Elon and sheared at 100 Pa during 1 
hour. During this test, EI is constantly measured and the main outcome parameter 
∆EI is derived from the difference in EI between the first 100 seconds and the last 100 
seconds of the CMST. The ∆EI is indicative of the ability of the RBC to shed membrane 
when exposed to shear stress, reflecting membrane health (Figure S4B).

Data sharing statement
Further details of analysis and raw data are available upon request.
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RESULTS

Explorative untargeted metabolomics analysis
In total, 1770 unique features (and their respective metabolite annotations) were 
analyzed for 35 HS patients and 50 HC samples. Clinical and laboratory characteristics 
and baseline comparisons are summarized in Table 1. The variation in metabolic 
fingerprints between both groups was analyzed using PCA and PLS-DA, in which the 
number of features is reduced by combining them into fewer explanatory variables. 
PLS-DA takes group label into account (HS or HC) to maximize the variance between 
groups, whereas PCA does not. The PCA revealed an evident separation between 
patients and controls (Figure 1A). As expected, the separation was more pronounced 
in PLS-DA (Figure 1B). Both PCA and PLS-DA indicated a distinct metabolic profile 
for the investigated groups, with close clustering for controls and a higher level of 
heterogeneity in HS patients (Figures 1A and 1B). Metabolites contributing most to the 
separation of groups in PLS-DA are reflected by high Variable Importance in Projection 
scores. These metabolites include multiple polyamines (spermidine, spermine, N1-
acetylspermidine, putrescine), (acyl)carnitines (propionylcarnitine, oleoylcarnitine, 
stearoylcarnitine, L-acetylcarnitine, L-palmitoylcarnitine, linoelaidylcarnitine, 
L-carnitine) and the glycolytic intermediates 2,3-diphosphoglycerid acid (2,3-DPG) 
and glyceraldehyde 3-phosphate (GA3P) (Figure 1C and Table S1). Furthermore, t-test 
analysis identified corresponding metabolites as significantly different between 
patients and controls, as well as metabolites involved in vitamin B6 metabolism 
(4-pyridoxolactone and pyridoxal) (Figure 1D and Table S2).
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Figure 1. Metabolic profile in dried blood spots of hereditary spherocytosis patients. A. Principal 
component analysis (PCA) plot and B. Partial least square discriminant analysis (PLS-DA) plot of the 
metabolic profile from hereditary spherocytosis (HS) patients and healthy controls are displayed with 
95% confidence regions. Both analyses reduce dimensionality to identify the overall variation by 
combining all metabolite features (weighted) into new variables called principal components. The first 
two principal components capture most of the variation in the dataset, expressed as a percentage of 
total variation within a dataset, and are displayed on the x- and y-axes. Each dot represents a patient 
or control sample and is colored by group label. The position of these dots is based on the metabolite 
profile of 1770 unique Z-scores. Samples that have a similar metabolic profile cluster more closely.  
C. Variable importance in projection (VIP) scores of PLS-DA demonstrating the 30 features that contribute 
the most to the separation of patients and HC. An overview of VIP scores and isomers is displayed in 
Table S1. D. Heatmap of the 30 most significant features identified by t-test (p-value <0.000003). Each 
colored cell in the heatmap corresponds to the autoscaled Z-score per metabolite feature (rows). The 
columns of the heatmap are colored by group label. The heatmap was created with hierarchical Ward’s 
linkage clustering using Euclidean distances. The dendogram represents the clustering of samples and 
metabolite features. Figures were created using MetaboAnalyst. A comprehensive overview of p-values 
and isomers is displayed in Table S2. 
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Table 1. Clinical characteristics of hereditary spherocytosis patients and baseline comparison to 
healthy controls. A. Clinical characteristics of hereditary spherocytosis (HS) patients regarding age, 
gender, hemoglobin (Hb), red blood cell count (RBC), reticulocyte count (Retics), white blood cell count 
(WBC), platelets (Plts), treatment, genetics diagnostics and severity category. Sporadic transfusions are 
defined as ≤ 6 per 12 months. ND: not determined. X: no additional defect was identified. B. Comparison 
of age, Hb, Retics and time between blood withdrawal and spotting (time to DBS) between healthy 
controls (HC) and HS patients. Data are presented as mean ± standard deviation (SD) 

Age (years) Gender Hb 
(mmol/L)

RBC 
(x1012/L)

Retics 
(x109/L)

WBC 
(x109/L)

Plts 
(x109/L)

Treatment Allele 1 Allele 2 Severity 
category

8 female 5.7 3.01 485 8.9 225 splenic embolization 
(50% residu)

ND ND Severe

8 male 5.6 3.21 434 5.1 268 sporadic transfusions SPTA1: c.4339-99C>T; p.(?) SPTA1: c.6769G>T; 
p.(Glu2257*)

Severe

1.5 male 3.9 2.50 484 15.7 280 no current treatment SPTA1: c.1850dup; p.(Ser618fs) SPTA1: c.4339-99C>T; p.(?) Severe

0.2 female 4.2 2.33 350 14.7 742 sporadic transfusions/
no current 

ANK1: c.2390_2393del; 
p.(Leu797fs) 

SPTA1: c.6889; 
p.(Arg2297Trp) 

Severe

12 male 7.3 4.04 433 6.5 340 no current treatment ANK1: c.462C>T; p.(Arg1488*) SPTA1: c.6531-12C>T; p(?) Severe

58 male 7.6 3.55 441 5.9 148 splenectomy; no 
current treatment

SLC4A1: c.1225G>T; p.(Val409Phe) x Severe

43 female 7.1 3.45 350 4.6 169 splenectomy; no 
current treatment 

SLC4A1: c.2494C>T; p.(Arg832Cys) x Severe

14 male 8.6 4.58 624 6.1 274 no current treatment ND ND Severe

64 male 5.9 3.00 212 6.0 276 no current treatment SPTA1: c.4339-99C>T; p.(? SPTA1: c.6989G>A; 
p.(Arg2330Lys)

Moderate

4 male 6.4 3.55 348 21.1 232 sporadic transfusions ND ND Moderate

0.7 male 5.8 3.53 341 9.6 331 no current treatment ND ND Moderate

2 male 7.5 3.87 386 11.4 367 no current treatment ND ND Moderate

39 female 9.0 4.94 313 8.4 365 splenectomy; no 
current treatment

SPTB: c.4978C>T; p.(Gln1660*) x Moderate

6 female 7.2 3.86 369 7.7 488 no current treatment ANK1: c.3123del; p.(Ser1042fs) x Moderate

30 female 5.7 2.83 201 3.6 138 splenectomy; no 
current treatment

SPTA1: c.3527dup; p.(Leu1086fs) SPTA1: c.6531-12C>T; p(?) Moderate

4 female 6.8 3.64 389 10.7 301 no current treatment SPTB: c.1714_1723del; 
p.(Met573fs)

x Moderate

0.3 male 5.0 3.21 298 12.9 505 sporadic transfusions ND ND Moderate

3 male 5.4 3.02 553 8.0 376 regular transfusions SPTB: c.2889C>A; p.(Cys963*) x Moderate

2 male 7.1 4.53 150 10.5 428 no current treatment SPTA1: c.134G>C; p.(Arg45Thr) SPTA1: c.6531-12C>T; p(?) Mild

73 male 7.4 3.49 143 4.6 158 no current treatment SPTA1: c.5805G>A; p.(Tryp1935*) SPTA1: c.6531-12C>T; p(?) Mild

0.8 male 6.9 4.15 158 10.5 558 no current treatment ANK1: c.4391-2@>G; p.(?) SPTA1: c.4339-99C>T; p.(?) Mild

9 male 8.8 5.49 162 8.7 615 splenic embolization/
coiling 

ANK1 c.2563_2586delinsCCAG 
p.(Glu855fs) 

x Mild

4 male 7.5 4.24 298 9.6 360 no current treatment SPTB: c.4978C>T; p.(Gln1660*) x Mild
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Table 1. Clinical characteristics of hereditary spherocytosis patients and baseline comparison to 
healthy controls. A. Clinical characteristics of hereditary spherocytosis (HS) patients regarding age, 
gender, hemoglobin (Hb), red blood cell count (RBC), reticulocyte count (Retics), white blood cell count 
(WBC), platelets (Plts), treatment, genetics diagnostics and severity category. Sporadic transfusions are 
defined as ≤ 6 per 12 months. ND: not determined. X: no additional defect was identified. B. Comparison 
of age, Hb, Retics and time between blood withdrawal and spotting (time to DBS) between healthy 
controls (HC) and HS patients. Data are presented as mean ± standard deviation (SD) 

Age (years) Gender Hb 
(mmol/L)

RBC 
(x1012/L)

Retics 
(x109/L)

WBC 
(x109/L)

Plts 
(x109/L)

Treatment Allele 1 Allele 2 Severity 
category

8 female 5.7 3.01 485 8.9 225 splenic embolization 
(50% residu)

ND ND Severe

8 male 5.6 3.21 434 5.1 268 sporadic transfusions SPTA1: c.4339-99C>T; p.(?) SPTA1: c.6769G>T; 
p.(Glu2257*)

Severe

1.5 male 3.9 2.50 484 15.7 280 no current treatment SPTA1: c.1850dup; p.(Ser618fs) SPTA1: c.4339-99C>T; p.(?) Severe

0.2 female 4.2 2.33 350 14.7 742 sporadic transfusions/
no current 

ANK1: c.2390_2393del; 
p.(Leu797fs) 

SPTA1: c.6889; 
p.(Arg2297Trp) 

Severe

12 male 7.3 4.04 433 6.5 340 no current treatment ANK1: c.462C>T; p.(Arg1488*) SPTA1: c.6531-12C>T; p(?) Severe

58 male 7.6 3.55 441 5.9 148 splenectomy; no 
current treatment

SLC4A1: c.1225G>T; p.(Val409Phe) x Severe

43 female 7.1 3.45 350 4.6 169 splenectomy; no 
current treatment 

SLC4A1: c.2494C>T; p.(Arg832Cys) x Severe

14 male 8.6 4.58 624 6.1 274 no current treatment ND ND Severe

64 male 5.9 3.00 212 6.0 276 no current treatment SPTA1: c.4339-99C>T; p.(? SPTA1: c.6989G>A; 
p.(Arg2330Lys)

Moderate

4 male 6.4 3.55 348 21.1 232 sporadic transfusions ND ND Moderate

0.7 male 5.8 3.53 341 9.6 331 no current treatment ND ND Moderate

2 male 7.5 3.87 386 11.4 367 no current treatment ND ND Moderate

39 female 9.0 4.94 313 8.4 365 splenectomy; no 
current treatment

SPTB: c.4978C>T; p.(Gln1660*) x Moderate

6 female 7.2 3.86 369 7.7 488 no current treatment ANK1: c.3123del; p.(Ser1042fs) x Moderate

30 female 5.7 2.83 201 3.6 138 splenectomy; no 
current treatment

SPTA1: c.3527dup; p.(Leu1086fs) SPTA1: c.6531-12C>T; p(?) Moderate

4 female 6.8 3.64 389 10.7 301 no current treatment SPTB: c.1714_1723del; 
p.(Met573fs)

x Moderate

0.3 male 5.0 3.21 298 12.9 505 sporadic transfusions ND ND Moderate

3 male 5.4 3.02 553 8.0 376 regular transfusions SPTB: c.2889C>A; p.(Cys963*) x Moderate

2 male 7.1 4.53 150 10.5 428 no current treatment SPTA1: c.134G>C; p.(Arg45Thr) SPTA1: c.6531-12C>T; p(?) Mild

73 male 7.4 3.49 143 4.6 158 no current treatment SPTA1: c.5805G>A; p.(Tryp1935*) SPTA1: c.6531-12C>T; p(?) Mild

0.8 male 6.9 4.15 158 10.5 558 no current treatment ANK1: c.4391-2@>G; p.(?) SPTA1: c.4339-99C>T; p.(?) Mild

9 male 8.8 5.49 162 8.7 615 splenic embolization/
coiling 

ANK1 c.2563_2586delinsCCAG 
p.(Glu855fs) 

x Mild

4 male 7.5 4.24 298 9.6 360 no current treatment SPTB: c.4978C>T; p.(Gln1660*) x Mild
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Age (years) Gender Hb 
(mmol/L)

RBC 
(x1012/L)

Retics 
(x109/L)

WBC 
(x109/L)

Plts 
(x109/L)

Treatment Allele 1 Allele 2 Severity 
category

27 male 9.4 5.42 137 9.4 307 splenectomy; no 
current treatment 

ANK1: c.23dup; p.(Glu9fs) x Mild

9 male 8.1 4.56 188 7.6 314 no current treatment ANK1: c.4559del; p.(Glu1520fs*) x Mild

7 male 7.5 4.15 128 6.9 290 no current treatment SPTA1: c.6788+1G>A; p.(?) SPTA1: c.6531-12C>T; p(?) Mild

6 male 7.5 4.32 560 8.1 436 sporadic transfusions SPTB: c.5128G>T; p.(Glu1710*) x Mild

13 male 8.7 4.94 87.4 17.1 620 splenectomy; no 
current treatment

SPTB: c.5898C>T; p.(=) x Mild

65 female 8.0 4.06 275 5.6 252 no current treatment SPTA1: c.6788+1G>A ; p.(?) SPTA1: c.6531-12C>T; p(?) Mild

5 female 7.6 5.70 162 14.1 812 splenectomy; no 
current treatment

SPTA1: c.83G>A; p.(Arg28His) SPTA1: c.6531-12C>T; p(?) Mild

7 male 8.0 6.03 124 14.8 911 splenectomy; no 
current treatment 

SPTA1: c.83G>A; p.(Arg28His) SPTA1: c.6531-12C>T; p(?) Mild

21 female 8.1 4.02 444 6.8 244 no current treatment SLC4A1: c.616_620delG x Mild

9 male 8.0 4.33 245 4.0 181 no current treatment SLC4A1: c.2608C>T; p.(Arg870Trp) x Mild

2 male 7.1 4.16 245 9.0 443 no current treatment SPTB: c.4117C>T; p.(Gln1373*) x Mild

70 female ND ND ND ND ND no current treatment ANK1: c.4638_4639del; 
p.(Leu1547fs) 

x ND

Normal range* 7.4-10.7 3.6-5.5 25-120 4.0-13.5 150-450

*Age- and gender-dependent

HS (mean ± SD) HC (mean ± SD)

Age (years) 17.9 ± 22.5 38.4 ± 11.7

Hb (mmol/L) 7.07 ± 1.33 9.07 ± 0.75

Retics (x109/L) 309.3 ± 143.7 58.1 ± 17.7

Time to DBS (hours) 3.92 ± 1.9 3.97 ± 6.7

Table 1. Continued
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Age (years) Gender Hb 
(mmol/L)

RBC 
(x1012/L)

Retics 
(x109/L)

WBC 
(x109/L)

Plts 
(x109/L)

Treatment Allele 1 Allele 2 Severity 
category

27 male 9.4 5.42 137 9.4 307 splenectomy; no 
current treatment 

ANK1: c.23dup; p.(Glu9fs) x Mild

9 male 8.1 4.56 188 7.6 314 no current treatment ANK1: c.4559del; p.(Glu1520fs*) x Mild

7 male 7.5 4.15 128 6.9 290 no current treatment SPTA1: c.6788+1G>A; p.(?) SPTA1: c.6531-12C>T; p(?) Mild

6 male 7.5 4.32 560 8.1 436 sporadic transfusions SPTB: c.5128G>T; p.(Glu1710*) x Mild

13 male 8.7 4.94 87.4 17.1 620 splenectomy; no 
current treatment

SPTB: c.5898C>T; p.(=) x Mild

65 female 8.0 4.06 275 5.6 252 no current treatment SPTA1: c.6788+1G>A ; p.(?) SPTA1: c.6531-12C>T; p(?) Mild

5 female 7.6 5.70 162 14.1 812 splenectomy; no 
current treatment

SPTA1: c.83G>A; p.(Arg28His) SPTA1: c.6531-12C>T; p(?) Mild

7 male 8.0 6.03 124 14.8 911 splenectomy; no 
current treatment 

SPTA1: c.83G>A; p.(Arg28His) SPTA1: c.6531-12C>T; p(?) Mild

21 female 8.1 4.02 444 6.8 244 no current treatment SLC4A1: c.616_620delG x Mild

9 male 8.0 4.33 245 4.0 181 no current treatment SLC4A1: c.2608C>T; p.(Arg870Trp) x Mild

2 male 7.1 4.16 245 9.0 443 no current treatment SPTB: c.4117C>T; p.(Gln1373*) x Mild

70 female ND ND ND ND ND no current treatment ANK1: c.4638_4639del; 
p.(Leu1547fs) 

x ND

Normal range* 7.4-10.7 3.6-5.5 25-120 4.0-13.5 150-450

*Age- and gender-dependent

HS (mean ± SD) HC (mean ± SD)

Age (years) 17.9 ± 22.5 38.4 ± 11.7

Hb (mmol/L) 7.07 ± 1.33 9.07 ± 0.75

Retics (x109/L) 309.3 ± 143.7 58.1 ± 17.7

Time to DBS (hours) 3.92 ± 1.9 3.97 ± 6.7
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Focused erythrocyte pathway analysis
Based on the observation of significantly decreased 2,3-DPG and GA3P in both PLS-
DA and t-test, the glycolytic pathway was explored in detail. Apart from a decrease 
in 2,3-DPG and GA3P, none of the glycolytic intermediates were significantly altered, 
and no substantial differences were observed in pyruvate and lactate, or glucose 
6-phosphate as the respective end- and starting points of glycolysis (Figure 2). 
Importantly, the decrease of 2,3-DPG, but not GA3P, remained statistically significant 
when adjusted for hemoglobin level and reticulocyte count (p<0.0001).

Further exploration of red cell metabolism revealed decreased glutathione, but 
no other metabolites of glutathione metabolism were altered (data not shown). In 
addition, the pentose phosphate pathway and its respective metabolites appeared 
unaffected (data not shown). Furthermore, investigation of amino acids and 
carnitines revealed a significant decrease in aspartate and significant increases in 
glycine, L-valine, L-carnitine and L-acetylcarnitine (Figure S1 and Tables S2 and S3). 
Putrescine, spermidine and spermine, players in arginine and polyamine metabolism, 
were significantly elevated in HS patients compared to controls (Figure S2 and Tables 
S2 and S3).
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Figure 2. Glycolytic intermediates in dried blood spots of hereditary spherocytosis patients vs. 
controls. Schematic representation of glycolysis in red blood cells. Z-scores of glycolytic intermediates 
(and glycolytic isomers) are plotted for healthy controls (n = 50) and HS-samples (n = 35) in a 
boxplot with Tukey whiskers. Additional isomers of glycolytic intermediates include: 1) D-Galactose, 
D-Mannose, Myoinositol, 3-Deoxyarabinohexonic acid, Beta-D-Glucose, D-Fructose, Allose, L-Sorbose, 
Alpha-D-Glucose, D-Tagatose, Beta-D-Galactose, Scyllitol, L-Gulose, L-Galactose; 2) Myo-inositol 
1-phosphate, Galactose 1-phosphate, Dolichyl phosphate D-mannose, Fructose 1-phosphate, Mannose 
6-phosphate, D-Myo-inositol 4-phosphate, Glucose 1-phosphate, Inositol phosphate, Beta-D-Glucose 
6-phosphate, Beta-D-Fructose 6-phosphate, D-Tagatose 1-phosphate, D-Mannose 1-phosphate, Sorbose 
1-phosphate, Beta-D-Fructose 2-phosphate, 1D-myo-Inositol 3-phosphate, D-Tagatose 6-phosphate, 
D-fructose 1-phosphate; 3) 1D-Myo-inositol 1,4-bisphosphate, D-fructose 2,6-bisphosphate, Alpha-
D-Glucose 1,6-bisphosphate, 1D-Myo-inositol 1,3-bisphosphate, 1D-Myo-inositol 3,4-bisphosphate, 
D-Tagatose 1,6-bisphosphate, D-Mannose 1,6-bisphosphate, beta-D-Fructose 1,6-bisphosphate; 4) 
2-Phospho-D-glyceric acid, (2R)-2-Hydroxy-3-(phosphonatooxy)propanoate; 5) Malonic semialdehyde; 
6) Hydroxypropionic acid, Glyceraldehyde, D-Lactic acid, Dihydroxyacetone, Methoxyacetic acid. * 
indicates a significance of p<0.0001.
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Metabolic profiles relate to clinical disease severity
To explore whether the heterogeneity in the HS metabolic profiles related to the 
clinical phenotype, additional PCA and PLS-DA were performed. Clinical phenotypes 
were classified as mild, moderate or severe based on the severity of anemia and 
degree of compensation for hemolysis, according to the modified criteria originally 
proposed by Eber et al.14 The PLS-DA plot showed that mildly affected HS patients 
clustered most closely with controls, followed by moderately affected patients, 
whereas the metabolic profile of severely affected patients differed most from 
controls (Figures 3A and 3B).

Distinctive metabolites associate with disease severity, red cell 
characteristics and RBC deformability 
Metabolites that contributed the most to the distinction between HC and the clinical 
severity of HS included polyamines, (acyl)carnitines, 2,3-DPG and creatine (Figure 3C). 
Increased clinical severity was associated with increased Z-scores of spermidine, N1-
acetylspermidine, L-acetylcarnitine and propionylcarnitine (Figure 3D). In addition, 
analysis of these metabolites in relation to full blood count parameters revealed 
significant correlations for spermidine, N1-acetylspermidine and L-acetylcarnitine 
and propionylcarnitine with RBC and reticulocyte counts (Figure 4). Although clinical 
severity was associated with a decreasing level of 2,3-DPG, no significant correlations 
were identified for 2,3-DPG and GA3P with full blood count parameters (Figure S3). 

Lastly, we explored the correlation of the top 20 features of PLS-DA with functional 
features of RBC deformability as established with osmotic gradient ektacytometry 
(Figure S4). For the maximum deformability of RBCs, reflected by the maximum 
elongation index (EI max), an inverse correlation with Z-scores of spermidine  
(r = -0.37, p = 0.04), N1-acetylspermidine (r = -0.47, p = 0.008), L-acetylcarnitine  
(r = -0.42, p = 0.02), and propionylcarnitine (r = -0.36, p = 0.05) was observed 
(Figure 4). Further correlations with functional features of RBC deformability were 
observed between propionylcarnitine and the total area under the curve (r = -0.37; 
p = 0.04) and between L-carnitine and Ohyper (r = 0.37; p = 0.04, plots not shown), 
suggesting that increases in distinctive metabolites were associated with decreased 
RBC hydration and deformability. These findings were supported by the relation 
between the top metabolites and change in deformability (∆EI) as measured with 
the cell membrane stability test in a subset of HS patients (n = 8), where we observed 
a strong correlation for propionylcarnitine and ∆EI (r = 0.74, p = 0.05, Figure S5).
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Figure 3. Metabolic profile of hereditary spherocytosis in relation to clinical severity phenotypes. 
A. PCA plot and B. PLS-DA plot distinguishing between clinical severity phenotypes C. The top 20 
metabolite features contributing to the separation of hereditary spherocytosis (HS) patients and controls 
in PLS-DA, reflected by VIP-scores (variable importance in projection). For almost all metabolites a 
correlation with clinical severity is observed, reflected by an increasing or decreasing color gradient. 
An overview of VIP scores and isomers is displayed in Table S4. D. Z-scores of spermidine, N1-
acetylspermidine, L-acetylcarnitine and propionylcarnitine based on clinical severity for control (n = 
50), HS-mild (n = 15), HS-moderate (n = 12) and HS-severe (n = 8) in a boxplot with Tukey whiskers.
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DISCUSSION

In this study, we have performed untargeted metabolomics in dried blood spots from 
a substantial cohort of HS patients. We report on a metabolic fingerprint that offers 
for the first time a comprehensive overview of metabolic disturbances in HS and 
includes altered levels of polyamines and (acyl)carnitines. These metabolic disturbances 
correlate with red blood cell (RBC) characteristics (in particular deformability) and, in 
addition, with clinical severity. We also identified significant decreases in the glycolytic 
intermediates 2,3-diphosphoglyceric acid (2,3-DPG) and glyceraldehyde-3-phosphate 
(GA3P). Also, these metabolic disturbances show a gradient with clinical severity and 
thus relate to the HS clinical phenotype.

Previous studies have shown that glycolytic enzymes associate with the RBC 
membrane5,6,15 and others have reported specifically on decreased pyruvate kinase 
(PK) activity in HS patients as a consequence of loss of membrane-bound PK.16,17 

Here, we only found 2,3-DPG and GA3P (and/or features with the same respective 
mass-to-charge ratio, Table S1) to be significantly decreased in HS patients. This 
suggests that although glycolytic enzymes might be affected to some extent by 
decreased RBC membrane integrity, glycolysis in general appears not to be strongly 
affected. While the metabolic profile was obtained from whole blood, it is highly 
likely that the observed glycolytic disturbances mainly reflect RBCs, since 2,3-DPG is 
specific to the RBC.18 In addition, no correlation was observed for 2,3-DPG and GA3P 
with any of the full blood count parameters. While the mechanism underlying the 
decrease in 2,3-DPG in HS remains to be determined, it is intriguing, as 2,3-DPG is 
an important regulator of hemoglobin oxygen affinity. It binds with greater affinity 
to deoxygenated hemoglobin than to oxygenated hemoglobin and decreases the 
p50, thereby promoting the release of oxygen to tissues. While the reported increase 
of 2,3-DPG in hereditary anemias like pyruvate kinase deficiency (PKD)19 or beta-
thalassemia minor20 is assumed to be clinically beneficial for patients, the robust 
decrease that we observe in HS patients could also be of clinical importance. In this 
respect, the reported fatigue-related impairment of quality of life, and ‘complaints 
of fatigue’ being reported as critically factored into the decision for splenectomy in 
a substantial number of HS patients despite relatively mild to moderate hemolysis, 
might be well worth further exploring.21,22

In the present study, we found significantly increased polyamines in HS patients 
compared to healthy controls. Previously, the polyamines spermidine, spermine and 
putrescine have been reported to decrease erythrocyte membrane deformability and 
stabilize the membrane skeleton of resealed ghosts loaded with polyamines.23 The 
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inverse correlation between spermidine and N1-acetylspermidine with the maximal 
deformability (EImax) of RBCs in HS patients, although not very strong, as well as the 
relation with clinical phenotypes, provide supporting evidence for the hypothesis 
that apart from an in vitro-effect in ghosts, the concentration of polyamines is 
associated with in vivo red cell deformability in patients. Whether this contributes 
to the decreased deformability seen in HS or is a compensatory mechanism remains 
to be determined.

The observed correlations between polyamines and reticulocyte count, and inverse 
correlations with hemoglobin and erythrocyte count, but not with leukocytes and 
platelets, suggest that these alterations are RBC-specific. Interestingly, previous 
studies demonstrated significant correlations between younger and older red 
blood cells, with lower levels of polyamines in the older red cells, suggesting the 
possibility of using red cell polyamines as an indicator of the activity of the bone 
marrow in anemic states.24,25 The increase of polyamines we observed previously in 
PKD9 another hemolytic anemia with a hyper-regenerative bone marrow, further 
supports these findings. In addition, it has been shown for a number of conditions 
(hepatectomy, cancer, transplantation), that the RBC concentration of spermidine is 
a reliable marker of cell proliferation.26 As concentrations of polyamines have also 
been reported to be increased in RBCs and dried blood spots in sickle cell disease 
(SCD) and pyruvate kinase deficiency (PKD)9,27,28 we anticipate that unraveling the 
underlying mechanisms and consequences of altered polyamine metabolism may 
contribute not only to a better understanding of HS pathophysiology but for rare 
hereditary hemolytic anemia in general. 

As the clinical phenotype in HS is highly heterogeneous and severity categories are 
determined by only four parameters (hemoglobin, reticulocyte count, bilirubin and 
splenectomy),4 the distinction is arbitrary and subject to fluctuation over time. This is 
likely reflected by the heterogeneity in the ‘moderately affected‘ HS-group (Table 1). 
Nevertheless, there is a clear distinction between mildly or even moderately affected 
HS patients and severely affected HS patients. Together with the gradient that is 
seen for distinctive metabolites that contribute the most, these data indicate that 
clinical phenotypes do correlate with the metabolic profiles of these patients. These 
findings need to be validated in a larger cohort of patients, but this approach offers 
new perspectives for a better understanding of the complex genotype-phenotype 
associations that are seen in HS. 

Previously, we have shown that this non-invasive and minimally laborious approach 
of untargeted metabolomics in dried blood spots, holds diagnostic potential in the 
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context of PKD, by incorporating the metabolic fingerprint into a machine learning 
model. The diagnostic workflow for HS is rather well established29 and the added 
value of such a machine learning model would probably be arguable. Here, we 
demonstrate that untargeted metabolomics can be instrumental in investigating 
the phenotypic heterogeneity in patients and our results provide promising leads 
for further study into the pathophysiological mechanisms that determine the 
phenotypic expression of HS. The comprehensive characterization of metabolic 
disturbances in HS might serve as a starting point for the development of new 
therapeutic strategies.
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SUPPLEMENTARY MATERIAL
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Figure S1. Amino acids and RBC membrane turnover metabolites. Z-scores for amino acids, carnitine 
and acetylcarnitine plotted for healthy control (n = 50) and hereditary spherocytosis (HS) samples (n = 
35) in a boxplot with Tukey whiskers. Serine (p=0.0013), Glycine (p<0.0001), Aspartate (p<0.0001), Valine 
(p=0.0002), L-carnitine (p<0.0001), L-Acetylcarnitine (p<0.0001). Isomers include 1) Betaine, N-methyl-a-
aminoisobutyric acid, 5-Aminopentanoic acid, Norvaline. 2) Iminodiacetic acid. * p<0.0001, # p<0.001. 
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Figure S2. Arginine and polyamine metabolism. Schematic view of arginine and polyamine 
metabolism. Z-scores for metabolites in polyamine metabolism are plotted for healthy control (n = 50) 
and hereditary spherocytosis (HS) samples (n = 35) in a boxplot with Tukey whiskers. Arginine (p=0.0002), 
Ornithine (p=0.3702), Putrescine (p<0.0001), y-aminobutyric acid (p<0.0001), N-acetylputrescine 
(p=0.5531), Spermidine (p<0.0001), N1/N8-acetylspermidine (p<0.0001), Spermine (p<0.0001), N1-
acetylspermine (p<0.0001). Isomers include 1) 1,4-Butanediammonium. 2) Dimethylglycine, L/D-Alpha-
aminobutyric acid, 2-Aminoisobutyric acid, (S)-b-aminoisobutyric acid, (R)-b-aminoisobutyric acid, 
3-Aminoisobutanoic acid, 3-Aminobutanoic acid, N-Ethylglycine. * p<0.0001, # p<0.001. 
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Figure S3. Association and correlation of 2,3-DPG and GA3P with disease severity and red cell 
characteristics in hereditary spherocytosis patients. Association and correlation of clinical severity 
(control (n = 50); HS-mild (n = 15); HS-moderate (n = 12); HS-severe (n = 8)) and reticulocytes (n = 34), red 
blood cells (n = 34) and EI max (n = 30), with Z-scores of 2,3 diphosphoglyceric acid and glyceraldehyde 
3-phosphate in hereditary spherocytosis (HS) patients.
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Figure S4. Ektacytometry parameters. A. Osmotic gradient ektacytometry showing representative 
curves of the elongation index for controls (grey) and hereditary spherocytosis (HS) patients (red).  
B. Representative curves for controls (grey) and HS patients (red) of the elongation index during the 
cell membrane stability test.
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Figure S5. Correlation between propionylcarnitine and ∆EI. Correlation between Z-scores of 
propionylcarnitine and ∆EI (delta elongation index), as determined by the cell membrane stability test, 
in a subset of 8 hereditary spherocytosis patients
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Table S1. Overview of variables important in projection (VIP)-scores and isomers corresponding to 
features in PLS-DA HS vs. controls in Figures 1C.

Feature PLS-DA 
VIP (1)

PLS-DA 
VIP (2)

Isomers

Imidazoleacetic acid ribotide 16.153 15.398 -

Spermidine 12.596 11.933 -

Spermine 10.273 10.54 -

Propionylcarnitine 9.7093 8.9405 -

2,3-Diaminopropionic acid 8.1319 8.6139 -

Creatine 7.8802 7.3045 Beta-Guanidinopropionic acid

N-Acetylgalactosamine 7.2417 6.7968 -

2,3-Diphosphoglyceric acid 6.6605 6.2612 Glyceric acid 1,3-biphosphate

N-a-Acetylcitrulline 6.1522 5.7562 Alanyl-Glutamine; Alanyl-Gamma-
glutamate; Glutaminyl-Alanine; Gamma-
glutamyl-Alanine

Oleoylcarnitine 5.8766 5.3717 Vaccenyl carnitine; Elaidic carnitine; 
Octadecenylcarnitine

Stearoylcarnitine 5.1206 4.6816 -

L-Acetylcarnitine 4.7738 4.3622 -

L-Palmitoylcarnitine 4.756 4.3483 -

Alanyl-Asparagine 4.5023 4.6997 Asparaginyl-Alanine; Glutaminyl-Glycine; 
Glycyl-Glutamine; Glycyl-Gamma-
glutamate; Gamma-glutamyl-Glycine

D-Glyceraldehyde 3-phosphate 4.4768 4.285 Dihydroxyacetone phosphate

Linoelaidyl carnitine 4.2061 3.8438 Linoleyl carnitine

Lysyl-Valine 4.0785 3.7283 Valyl-Lysine

6-Methylthiopurine 
5’-monophosphate 
ribonucleotide

3.7393 4.4437 -

N1-Acetylspermidine 3.5074 3.4406 N8-Acetylspermidine

Putrescine 3.5019 3.562 1,4-Butanediammonium

Orotidine 3.2311 2.9686 -

Ureidosuccinic acid 3.1428 3.0682 -

7-Methylguanine 3.0294 3.021 3-Methylguanine; 1-Methylguanine; N2-
Methylguanine

Methionyl-Tyrosine 2.9513 2.8 Tyrosyl-Methionine

Neuraminic acid 2.9509 2.7679 -

Glycylproline 2.7333 3.0383 L-prolyl-L-glycine 

cis-Aconitic acid 2.7288 2.6058 trans-Aconitic acid; Dehydroascorbic acid

Glutathione 2.6537 2.4294 -

Glucosamine-1P 2.6164 2.4412 Glucosamine 6-phosphate; Aminofructose 
6-phosphate

L-Carnitine 2.5964 2.3736 -
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Table S2. Overview of p-values and isomers corresponding to features in heatmap HS vs. controls in 
Figure 1D.

Feature T-statistic p-value FDR Isomers

L-Acetylcarnitine -11.391 1.20E-18 2.12E-15 -

Imidazoleacetic acid 
ribotide

-10.757 2.09E-17 1.85E-14 -

cis-Aconitic acid -10.399 1.06E-16 6.27E-14 trans-Aconitic acid; 
Dehydroascorbic acid

Propionylcarnitine -9.3669 1.21E-14 5.33E-12 -

Molybdate -9.1663 3.03E-14 1.07E-11 -

Estradiol 9.1087 3.96E-14 1.17E-11 17a-Estradiol

Oleoylcarnitine -9.0075 6.31E-14 1.46E-11 Vaccenyl carnitine; 
Elaidic carnitine; 
11Z-Octadecenylcarnitine

Creatine -8.9981 6.59E-14 1.46E-11 Beta-Guanidinopropionic acid

L-Palmitoylcarnitine -8.9282 9.09E-14 1.79E-11 -

Lysyl-Valine -8.4544 8.06E-13 1.43E-10 Valyl-Lysine

Spermidine -8.4091 9.93E-13 1.48E-10 -

Linoelaidyl carnitine -8.4068 1.00E-12 1.48E-10 Linoleyl carnitine

L-Carnitine -7.8443 1.33E-11 1.81E-09 -

N-Acetylgalactosamine -7.7965 1.65E-11 2.09E-09 -

Imidazole-4-acetaldehyde -7.4558 7.80E-11 9.21E-09 -

N-a-Acetylcitrulline -7.3869 1.07E-10 1.18E-08 Alanyl-Glutamine; Alanyl-Gamma-
glutamate; Glutaminyl-Alanine; 
Gamma-glutamyl-Alanine

Glutamyl-Serine 7.1869 2.64E-10 2.74E-08 Serinyl-Glutamate

Glucosamine-1P -6.8325 1.29E-09 1.27E-07 Glucosamine 6-phosphate; 
Aminofructose 6-phosphate

Thymine -6.7978 1.51E-09 1.41E-07 Imidazoleacetic acid; Imidazol-4-
ylacetate

Stearoylcarnitine -6.7648 1.75E-09 1.55E-07 -

N1-Acetylspermidine -6.6223 3.29E-09 2.77E-07 N8-Acetylspermidine

Pyridoxal 6.2199 1.92E-08 1.55E-06 Isopyridoxal; 
3-Methoxyanthranilate

2-Hexaprenyl-3-methyl-5-
hydroxy-6-methoxy-1,4-
benzoquinol

-6.1225 2.93E-08 2.16E-06 -

2,3-Diphosphoglyceric acid 6.1117 3.07E-08 2.16E-06 Glyceric acid 1,3-biphosphate

Phosphocreatinine 6.1063 3.14E-08 2.16E-06 -

4-Pyridoxolactone 6.1041 3.17E-08 2.16E-06 Formylanthranilic acid; 
5-Pyridoxolactone; 
Noradrenochrome

Isobutyryl-L-carnitine -6.0783 3.55E-08 2.32E-06 Butyrylcarnitine

Threonic acid -6.0566 3.90E-08 2.42E-06 -

Malonic acid 6.0518 3.98E-08 2.42E-06 Hydroxypyruvic acid; Tatronate 
semialdehyde

Orotidine -6.0446 4.10E-08 2.42E-06 -
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Table S3. P-values and isomers of additional significant metabolites by t-test.

Feature T-statistic p-value FDR Isomers

4-Hydroxyproline -5.9966 5.04E-08 2.87E-06 N-Acetyl-L-alanine; 
Propionylglycine; 5-Aminolevulinic 
acid; L-Glutamic gamma-
semialdehyde; 4-Hydroxy-L-
proline; 5-Amino-2-oxopentanoic 
acid; 4-Hydroxy-2-
pyrrolidinecarboxylic acid; Trans-3-
hydroxy-L-proline; cis-4-Hydroxy-
D-proline

Vanilloylglycine 5.9896 5.19E-08 2.87E-06 -

Menadione 5.9479 6.21E-08 3.33E-06 -

MG(0:0/18:1(11Z)/0:0) -5.8593 9.06E-08 4.72E-06 MG(0:0/18:1(9Z)/0:0); 
MG(18:1(11Z)/0:0/0:0);
MG(18:1(9Z)/0:0/0:0)

Spermine -5.7634 1.36E-07 6.87E-06 -

Neuraminic acid -5.7516 1.43E-07 6.87E-06 -

Hydroxyphenylacetylglycine 5.7508 1.44E-07 6.87E-06 -

Asparaginyl-Proline 5.7324 1.55E-07 7.21E-06 Prolyl-Asparagine

3, 5-Tetradecadiencarnitine -5.7268 1.59E-07 7.21E-06 -

Cytidine -5.6782 1.95E-07 8.63E-06 Cytarabine

2-Keto-glutaramic acid -5.6389 2.30E-07 9.94E-06 -

4-Hydroxy-2-oxoglutaric acid -5.6286 2.40E-07 1.01E-05 D-4-Hydroxy-2-oxoglutarate

Ureidosuccinic acid -5.6019 2.69E-07 1.11E-05 -

Alanyl-Asparagine -5.5615 3.18E-07 1.28E-05 Asparaginyl-Alanine; Glutaminyl-
Glycine; Glycyl-Glutamine; Glycyl-
Gamma-glutamate; Gamma-
glutamyl-Glycine

Vinylacetylglycine -5.5471 3.38E-07 1.33E-05 -

Thiomorpholine 
3-carboxylate

5.5048 4.03E-07 1.55E-05 -

Hexadecanedioic acid 5.496 4.18E-07 1.57E-05 -

Dodecanoylcarnitine -5.42 5.73E-07 2.10E-05 -

3-Methyldioxyindole 5.4158 5.82E-07 2.10E-05 -

7-Methylguanine -5.3847 6.62E-07 2.34E-05 3-Methylguanine; 
1-Methylguanine; N2-
Methylguanine

3,4-Dihydroxybenzylamine 5.3609 7.30E-07 2.50E-05 -

L-Aspartic acid 5.3582 7.38E-07 2.50E-05 D-Aspartic acid; Iminodiacetic acid

Citric acid 5.3547 7.49E-07 2.50E-05 Isocitric acid; D-threo-Isocitric acid; 
Diketogulonic acid; 2,3-Diketo-
L-gulonate; (1R,2R)-Isocitric acid; 
D-Glucaro-1,4-lactone

L-Cystine -5.3476 7.71E-07 2.53E-05 -
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Table S4. Overview of variables important in projection (VIP)-scores and isomers corresponding to 
features in PLS-DA clinical severity HS vs controls in Figures 3C.

Feature PLS-DA 
VIP (1)

PLS-DA 
VIP (2)

Isomers

Spermidine 14.763 13.888 -

Imidazoleacetic acid ribotide 13.668 12.906 -

Spermine 11.81 11.404 -

Propionylcarnitine 10.169 9.5686 -

N-Acetylgalactosamine 8.5139 8.0319 -

Creatine 8.4635 7.9687 Beta-Guanidinopropionic acid

2,3-Diaminopropionic acid 7.055 8.7283 -

N-a-Acetylcitrulline 6.9647 6.5514 Alanyl-Glutamine; Alanyl-Gamma-
glutamate; Glutaminyl-Alanine; Gamma-
glutamyl-Alanine

2,3-Diphosphoglyceric acid 6.0569 5.7429 Glyceric acid 1,3-biphosphate

Oleoylcarnitine 5.9224 5.5769 Vaccenyl carnitine; Elaidic carnitine; 
Octadecenylcarnitine

Alanyl-Asparagine 5.5823 5.277 Asparaginyl-Alanine; Glutaminyl-Glycine; 
Glycyl-Glutamine; Glycyl-Gamma-
glutamate; Gamma-glutamyl-Glycine

L-Acetylcarnitine 5.1 4.8538 -

L-Palmitoylcarnitine 4.8819 4.5914 -

Stearoylcarnitine 4.7144 4.482 -

Lysyl-Valine 4.4029 4.2066 Valyl-Lysine

N1-Acetylspermidine 4.3864 4.1303 N8-Acetylspermidine

Linoelaidyl carnitine 4.3415 4.0896 Linoleyl carnitine

7-Methylguanine 3.9213 3.6971 3-Methylguanine; 1-Methylguanine; N2-
Methylguanine

Orotidine 3.7519 3.5833 -

D-Glyceraldehyde 3-phosphate 3.7352 3.5269 Dihydroxyacetone phosphate
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Summary

The main objective of this thesis was to contribute to a better understanding of 
the pathophysiology of several genetic diseases using untargeted metabolomics. 
We investigated the underlying mechanisms of disorders in the malate-aspartate 
shuttle (part 1) and introduced untargeted metabolomics as a novel investigative 
tool in rare hereditary anemias (part 2). Overall, we demonstrated that metabolomics 
aided in biomarker discovery (chapter 2) and identified novel pathophysiological 
leads (chapter 5-8). In addition, the combination of isotope tracing and untargeted 
metabolomics in cell models proved to be a powerful tool for unraveling 
pathophysiology and finding therapeutic targets (chapter 4 and 5). Furthermore, 
we demonstrated potential applications of untargeted metabolomics for diagnostic 
evaluation (chapters 6 and 7), response to treatment (chapter 7) and the assessment 
of clinical severity (chapter 8). 

PART 1 – Pathophysiological insights into disorders of 
the malate-aspartate shuttle 

In the first part of this thesis, we aimed to elucidate the pathophysiological 
mechanisms of inherited disorders of the malate-aspartate shuttle (MAS). The MAS 
is an important metabolic pathway for intracellular NADH oxidation and plays an 
important role in energy metabolism. Malate dehydrogenase 1 (MDH1) is a cytosolic 
enzyme that converts oxaloacetate to malate by oxidizing NADH to NAD+ and thus 
regenerates NAD+ in the cytosol. We reported a deficiency in MDH1 for the first 
time in two patients from a consanguineous family (chapter 2). Using untargeted 
metabolomics, we found significantly elevated levels of glycerol 3-phosphate in 
dried blood spots (DBS) of the patients. In the future, elevated glycerol 3-phosphate 
may be used as a biomarker for MDH1 deficiency. 

Clinically, both MDH1-deficient patients presented with an early neurological 
phenotype of global developmental delay, epilepsy and progressive microcephaly. 
In a literature review, we compared our clinical and biochemical findings to the 
phenotypes of other MAS disorders (chapter 3). Currently, other MAS disorders that 
have been reported include MDH2, GOT2, AGC1 and AGC2 deficiency (which include 
the brain- and liver-specific isoforms for the aspartate glutamate carrier (AGC), 
respectively). Epilepsy, hypotonia and global developmental delay are common 
clinical features in MAS disorders with a neurological phenotype (excluding AGC2 
deficiency). In addition, patients with MDH1, GOT2 and AGC1 deficiencies presented 
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with microcephaly. We concluded that there are currently no specific markers to 
support clinical diagnosis and that the disturbed redox homeostasis in MAS 
deficiencies affects multiple NAD+-dependent pathways with complex consequences 
due to compartmental and tissue-specific expression of the components. Some 
biochemical clues for these disorders include elevated lactate (MDH2, GOT2, AGC1), 
elevated glycerol 3-phosphate (MDH1), abnormalities of TCA cycle intermediates 
(MDH2), elevated ammonia (AGC2, GOT2), and low serine (GOT2). 

To better understand MAS disorders and identify therapeutic targets, we investigated 
the metabolic consequences of MAS deficiencies. Due to limited availability of 
patient material, we used CRISPR/Cas9 to genetically disrupt each MAS component in 
cell lines. We identified a shared pathophysiological mechanism in all MAS-defective 
cells, including a low cytosolic NAD+/NADH ratio that disrupts both glycolysis and 
serine biosynthesis (chapter 4). Previously, it has been reported that GOT2-deficient 
patients had low serine synthesis, in whom serine supplementation proved clinically 
effective. Our findings imply that patients with other MAS deficiencies may benefit 
from serine supplementation as well. 

A more systemic approach to restore the disturbed cytosolic NAD+/NADH ratio in 
MAS defects is to add electron acceptors that recycle NAD+, such as pyruvate and 
2-ketobutyrate. We demonstrated that the addition of these electron acceptors 
restores the flux through glycolysis and serine biosynthesis in MDH1-deficient cells 
(chapter 5). Furthermore, we found an NAD+-dependent accumulation of ribitol and 
sorbitol. Ribitol, a metabolic end-product of the pentose phosphate pathway, was 
also found in high concentrations in DBS of patients with MDH1-deficient patients. 
This is likely due to the increased flux into the pentose phosphate pathway as a result 
of disrupted glycolysis. The conversion of sorbitol to fructose in the polyol pathway 
is also NAD+-dependent, and a block in this pathway may also contribute to the 
pathomechanism in MDH1-deficiency. 

PART 2 – Metabolic phenotyping in rare  
hereditary anemias

In the second part of this thesis, we introduced metabolomics as a novel investigative 
tool for rare hereditary anemias (RHA). RHA are a group of heterogeneous disorders 
caused by either intrinsic red blood cell (RBC) defects or defects in erythropoiesis, 
resulting in increased decay or impaired synthesis of RBCs, respectively. RBCs 
are metabolically limited to glycolysis for ATP production, which is generated 
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by the conversion of phosphoenolpyruvate to pyruvate by pyruvate kinase 
(PK). PK deficiency (PKD) causes anemia by diminishing ATP production in RBCs, 
while glycolytic intermediates accumulate. Indeed, the metabolic profile in DBS 
from 22 PKD patients revealed increased levels of the glycolytic intermediates 
phosphoenolpyruvate and 2-/3-phosphoglycerate (chapter 6). In addition, we 
identified a disease fingerprint for PKD that includes increased polyamines, (acyl) 
carnitines, and decreased glutathione, providing leads for future pathophysiological 
investigations in PKD. Moreover, we demonstrated that we could confirm or rule out 
the diagnosis of PKD based on a metabolic fingerprint using a predictive machine 
learning model. This illustrates how untargeted metabolomics in DBS can be used to 
identify disease-specific fingerprints and aid in the diagnosis of an anemic disease.

Within the spectrum of RHAs, Diamond Blackfan Anemia (DBA) is a ribosome 
biogenesis disorder resulting in anemia. To investigate the diagnostic potential of 
untargeted metabolomics in an even more clinically and genetically heterogeneous 
disorder without established screening tests, we studied the DBS of DBA patients 
(chapter 7). Again, we used machine-learning to predict the diagnosis of DBA 
patients based on their metabolic fingerprints. The metabolic fingerprints of DBA 
patients revealed increased inosine levels and decreased glutathione, 2,3-DPG and 
glyceraldehyde 3-phosphate levels compared to controls. In addition, a clinically and 
diagnostically similar disease, congenital dyserythropoietic anemia (CDA), revealed 
a different metabolic fingerprint compared to DBA, implying that delineating a 
diagnosis based on metabolic fingerprint is feasible in these disorders. In addition, 
we found that different treatment modalities resulted in a different metabolic 
signature in DBA patients, suggesting that untargeted metabolomics could be a 
useful tool for investigating and monitoring treatment response. 

Finally, we used untargeted metabolomics to investigate the clinical phenotypic 
heterogeneity in patients with hereditary spherocytosis (HS), an RBC membrane integrity 
disorder (chapter 8). We found that HS patients with severe clinical phenotypes had 
the most distinct metabolic fingerprint compared to controls and HS patients with 
milder phenotypes. In addition, several metabolites correlated with underlying RBC 
characteristics of anemia in HS patients, such as the number of reticulocytes and 
RBCs. Furthermore, discovered pathophysiological leads for HS included a decrease in 
glycolytic intermediates (glyceraldehyde 3-phosphate and 2,3-DPG) and glutathione, as 
well as an increase in polyamines, acetylcarnitine and propionylcarnitine. These findings 
demonstrate that untargeted metabolomics can be used to provide insight into the 
clinical heterogeneity of a highly heterogeneous disorder. 
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General discussion

Rare hereditary diseases encompass a broad spectrum of diseases, and their 
diagnosis and treatment present a unique challenge. Identifying the causal variant 
in a gene is often essential for diagnosis and prognosis. However, the genetic 
and phenotypic heterogeneity of many rare hereditary diseases complicates the 
recognition of individual disorders. Many disorders present with a non-specific 
and widely divergent clinical phenotype, affecting many tissues, organ systems, 
or specific biological functions. As a result, untargeted metabolomics applications 
can play a complementary role in improving the diagnostics and treatment of rare 
hereditary diseases. The metabolome, as a functional readout of the interactions 
between the genome and the environment, can provide crucial insights into disease 
and disease progression. In this thesis, we applied untargeted metabolomics to 
increase our pathophysiological knowledge of several rare inherited diseases to 
ultimately improve their diagnosis and treatment. 

PART 1 – Pathophysiological insights into disorders of 
the malate-aspartate shuttle

Diagnosing MAS defects

Observations on the surface: the phenotypic spectrum
Twenty years after the first report of a malate-aspartate shuttle (MAS) disorder, citrin 
deficiency,1 the discovery of two novel MAS disorders (GOT2 and MDH1 deficiency) 
renewed interest in studying the metabolic consequences of MAS disorders. The 
most recently discovered disorder, MDH1 deficiency, is described in this thesis 
in two patients from a consanguineous Saudi family (chapter 2). Clinically, the 
patients presented with global developmental delay, microcephaly and seizures, 
which are clinical phenotypes shared by other neurological MAS disorders (AGC1, 
MDH2 and GOT2) (chapter 3). Understanding which genetic mutations cause 
specific phenotypic traits can aid in the diagnosis of future patients with a clinically 
similar phenotype. One way to compare clinical phenotypes is to use a standardized 
vocabulary for describing phenotypic abnormalities in human disease: the Human 
Phenotype Ontology (HPO) database.2 Using the HPO database, we identified a 
uniform neurological MAS phenotype with early onset epilepsy, severe global 
developmental delay and muscle hypotonia (chapter 3). Clinical phenotypic 
differences may depend on the genetic variant, but they also partly depend 
on the number of reported cases and the patient’s age at the time of reporting. 
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The phenotypic spectrum will probably expand when the number of diagnosed 
patients and follow-up reports increases, as illustrated by the recent descriptions 
of additional patients with AGC1 and MDH2 deficiency.3–6 As a result, the reported 
clinical phenotype of MDH1 deficiency may not be representative of the disease’s 
overall clinical phenotype (chapter 2).

Recognizing a disease solely based on clinical phenotypes is challenging, since 
phenotypic traits are often not unique to a disorder. Disorders of the MAS present 
with relatively common phenotypic features, including developmental delay (Citrin, 
MDH1), seizures (GOT2, MDH2, AGC1), and hypotonia (AGC1, MDH2) (chapter 3). 
These clinical characteristics are among the top 15 HPO terms associated with rare 
diseases,7 illustrating that MAS disorders clinically overlap with a wide range of other 
disorders. For example, metabolic epilepsies cover a broad group of IMDs, including 
energy metabolism defects, neurotransmitter disorders, and disorders of amino acid 
metabolism, such as urea cycle defects, organic acidurias, and disorders of glycine 
and serine metabolism.8,9 Developmental delay, seizures and hypotonia are shared 
by 314, 407 and 478 genetic disorders in the IEMbase, respectively (accessed 8-11-
2022).10 Genetic metabolic disorders that also present with developmental delay, 
seizures and hypotonia include defects related to cobalamin metabolism, vitamin 
and cofactor metabolism, and pyruvate metabolism and TCA cycle (Figure 1). This 
exemplifies how different genetic causes can result in similar clinical phenotypes on 
the surface, but also how a broad and unspecific clinical phenotype complicates the 
recognition of individual cases. Ultimately, the integration of both phenotypic data 
and biomedical knowledge can greatly advance the recognition of rare diseases.11 
Hence, both phenotypic and molecular data are important in the diagnosis of rare 
inherited diseases.



237|Summary and general discussion

9

0 10 20 30 40 50

Metabolism of lipids

Transmission across Chemical Synapses

Asparagine N-linked glycosylation

Metabolism of amino acids and derivatives

Biosynthesis of the N-glycan precursor (dolichol lipid-linked
oligosaccharide, LLO) and transfer to a nascent protein

Metabolism of vitamins and cofactors

Diseases of metabolism

Peroxisomal protein import

Metabolism of water-soluble vitamins and cofactors

Pyruvate metabolism and Citric Acid (TCA) cycle

tRNA Aminoacylation

Glyoxylate metabolism and glycine degradation

Mitochondrial tRNA aminoacylation

Class I peroxisomal membrane protein import

Synthesis of glycosylphosphatidylinositol (GPI)

Cobalamin (Cbl, vitamin B12) transport and metabolism

Defects in vitamin and cofactor metabolism

Defects in cobalamin (B12) metabolism

Fold enrichment

Hypotonia

Developmental delay
Seizures

Pathway enrichment of genetic disorders presenting with
developmental delay, seizures and hypotonia in IEMbase

Hypotonia

Developmental delay

4

18

1117

8

8

3

Seizures

A B
0 10 20 30 40 50

Metabolism of lipids

Transmission across Chemical Synapses

Asparagine N-linked glycosylation

Metabolism of amino acids and derivatives

Biosynthesis of the N-glycan precursor (dolichol lipid-linked
oligosaccharide, LLO) and transfer to a nascent protein

Metabolism of vitamins and cofactors

Diseases of metabolism

Peroxisomal protein import

Metabolism of water-soluble vitamins and cofactors

Pyruvate metabolism and Citric Acid (TCA) cycle

tRNA Aminoacylation

Glyoxylate metabolism and glycine degradation

Mitochondrial tRNA aminoacylation

Class I peroxisomal membrane protein import

Synthesis of glycosylphosphatidylinositol (GPI)

Cobalamin (Cbl, vitamin B12) transport and metabolism

Defects in vitamin and cofactor metabolism

Defects in cobalamin (B12) metabolism

Fold enrichment

Hypotonia

Developmental delay
Seizures

Pathway enrichment of genetic disorders presenting with
developmental delay, seizures and hypotonia in IEMbase

Hypotonia

Developmental delay

4

18

1117

8

8

3

Seizures

A B

0 10 20 30 40 50

Metabolism of lipids

Transmission across Chemical Synapses

Asparagine N-linked glycosylation

Metabolism of amino acids and derivatives

Biosynthesis of the N-glycan precursor (dolichol lipid-linked
oligosaccharide, LLO) and transfer to a nascent protein

Metabolism of vitamins and cofactors

Diseases of metabolism

Peroxisomal protein import

Metabolism of water-soluble vitamins and cofactors

Pyruvate metabolism and Citric Acid (TCA) cycle

tRNA Aminoacylation

Glyoxylate metabolism and glycine degradation

Mitochondrial tRNA aminoacylation

Class I peroxisomal membrane protein import

Synthesis of glycosylphosphatidylinositol (GPI)

Cobalamin (Cbl, vitamin B12) transport and metabolism

Defects in vitamin and cofactor metabolism

Defects in cobalamin (B12) metabolism

Fold enrichment

Hypotonia

Developmental delay
Seizures

Pathway enrichment of genetic disorders presenting with
developmental delay, seizures and hypotonia in IEMbase

Hypotonia

Developmental delay

4

18

1117

8

8

3

Seizures

A B

Figure 1. Pathway enrichment analysis of genes associated with common clinical neurological 
phenotypes. A. Venn diagram depicting the number of IEMbase genes associated with developmental 
delay, hypotonia and seizures. B. The Reactome Pathway Database was used to perform an enrichment 
analysis of genes associated with developmental delay, seizures and hypotonia in the IEMbase 
(excluding MAS disorders), where the fold enrichment is calculated from the ratio of expected genes to 
observed genes in the human genome. 
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Beneath the surface: the molecular spectrum
Biochemical analysis provides molecular insights that help to narrow down 
diagnostic indications based on clinical phenotypes. Examining the biochemical 
similarities and differences in neurologic MAS disorders identified elevated plasma 
lactate as a shared biochemical biomarker, although its plasma level is reported 
normal in some cases (chapter 3). Since lactate is elevated in many neurological 
disorders, this does not provide a specific biochemical indication for a MAS disorder. 
An elevated lactate/pyruvate ratio, on the other hand, is a more specific biochemical 
parameter that is only shared with a few mitochondrial disorders, such as complex 
I deficiency or TCA cycle disorders (Figure 2). Individual markers identified through 
routine diagnostic screening include elevated plasma citrulline in GOT2 and citrin 
deficiency. Since both components are linked to the urea cycle via the provision of 
aspartate, hyperammonemia is a biochemical trait that these MAS disorders share 
with urea cycle disorders but also with many other disorders (Figure 2).12 Further 
individual markers of these disorders include elevated arginine in AGC2 deficiency 
and low serine levels in CSF in GOT2 deficiency, the latter reflecting a biochemical 
trait shared by disorders of serine biosynthesis (Figure 2).13 AGC1 deficiency is 
mainly characterized by decreased N-acetylaspartate levels in the brain. MDH2 
deficiency is associated with elevated urinary malate, fumarate, and, in some cases, 
succinate.4–6,14 Elevated fumarate is associated with several mitochondrial disorders, 
but increased malate appears to be a relatively unique biochemical aberration 
among the reported disorders in the IEMbase.10 In addition, elevated concentrations 
of urinary 3-methylglutaconic acid and methylmalonic acid, which are commonly 
reported in mitochondrial disorders, organic acidurias, and cobalamin metabolism, 
have been reported in some patients with MDH2 deficiency (Figure 2).4 Interestingly, 
routine diagnostic screening revealed no abnormalities in the plasma of MDH1-
deficient patients. However, we identified increased levels of glycerol 3-phosphate 
(G3P) and glutamate in dried blood spots (DBS) of patients with MDH1 deficiency 
using untargeted metabolomics (chapter 2). Many MAS biochemical disturbances 
overlap with groups of disorders with metabolic epilepsies (e.g., disorders in 
energy and amino acid metabolism),8 indicating that these particular underlying 
biochemical consequences lead to similar clinical phenotypes. Investigating the 
molecular consequences of MAS disorders provides insights into whether these 
metabolic disturbances play a role in the pathophysiology. Ultimately, understanding 
the molecular consequences of a pathogenic mutation can aid in better  
disease management.
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Pathophysiological insights and therapeutic strategies for MAS defects

MAS in the central nervous system 
The MAS components are highly expressed in the brain and central nervous 
system. Neurons and astrocytes are the two main cell types in nervous tissue, 
with the latter accounting for roughly half of all brain cells. Since neural signaling 
regulation and membrane potential stabilization require large amounts of energy, 
a deficiency in energy metabolism may result in seizures due to the destabilization 
of ion gradients and membrane potentials.15,16 Since the MAS plays an important 
role in energy metabolism, this is also reflected in MAS disorders that present 
with a clinical neurological and epileptic phenotype (chapter 3). Interestingly, 
accumulating evidence suggests that neurons and astrocytes use different redox 
shuttles.17–21 Since these cells do not fully express both shuttles, cell type-specific 
MAS and glycerol phosphate shuttle (GPS) component expression in vivo is likely 
to play an important role in the neuropathophysiological consequences of MAS 
disorders. All MAS components are highly expressed in neurons, but AGC1 is only 
weakly expressed in astrocytes.22,23 The GPS components are expressed in both 
cell types,24,25 but the overall GPS activity in the brain appears to be low.25 Since 
astrocytes have high glycolysis and lactate production while mitochondria have 
low oxygen consumption,20,21,26,27 GPS appears to be the primary NADH shuttle in 
transferring reducing equivalents to mitochondria in astrocytes. Furthermore, 
neurons are thought to take up lactate in order to use it as a direct NADH source, 
which is consistent with neurons having lower glycolytic activity than astrocytes,28 
though the proposed use of lactate as the preferred substrate in neurons leads 
to controversy in literature.29,30 In order to facilitate the conversion of lactate to 
pyruvate and NADH, the MAS is required to sustain NAD+-regeneration and the 
transport of reducing equivalents into neuronal mitochondria.28 In addition, when 
neurons are stimulated in the presence of glucose, Ca2+-dependent activation of 
the MAS drives glycolysis and oxidative phosphorylation.31 The exact mechanisms, 
preferred substrates, and role of the MAS in neuronal energy metabolism may be 
dependent on the cellular location in the brain and availability of substrates, but this 
is yet unresolved. Furthermore, energy metabolism is intimately linked to multiple 
cellular processes, including the glutamine-glutamate cycle, which is involved in 
regulating neurotransmission. Astrocytes supply glutamine to neurons, which is used 
to replenish neuronal glutamate and GABA pools. Only astrocytes are capable of 
de novo glutamate synthesis, since neurons lack the enzyme pyruvate carboxylase, 
which is required for this anaplerotic process.32,33 The astrocyte-specific glutamine 
synthetase converts glutamate and ammonia into glutamine.34,35 Glutamine can then 
be transported to neurons, where it is converted to glutamate before being excreted 
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for neurotransmission. Similar to MAS disorders, glutamate homeostasis disorders 
can cause severe neonatal encephalopathies.36,37

Glycerol 3-phosphate: a convenient consequence?
Cytosolic glycerol phosphate dehydrogenase (cGPD) converts dihydroxyacetone 
phosphate (DHAP) to G3P, which is paired with cytosolic NAD+-regeneration and 
thus may play a role in maintaining NAD+/NADH balance in MAS disorders. Indeed, 
elevated G3P levels have been reported in DBS of MDH1-deficient patients (chapter 2),  
and elevated glycerol/G3P levels have been demonstrated in the brain MRS of an 
AGC1-deficient patient.3 Furthermore, all MAS-deficient cells had increased G3P due 
to increased flux from glycolysis, which was associated with the extent of the NAD+/
NADH imbalance (chapters 4 and 5). Due to low cytosolic NAD+/NADH and disturbed 
glycolysis, mice and cells with respiratory chain dysfunction display elevated G3P in a 
similar fashion.25,38 Overexpression of cGPD increased the NAD+-regenerating capacity in 
mice with complex I dysfunction, alleviating the cytosolic NAD+/NADH redox imbalance 
and, consequently, the neurological phenotype.25 These findings imply that increased 
GPS activity may serve as a convenient mechanism in the case of an NAD+/NADH 
imbalance. Indeed, recent evidence has shown that when MAS activity and calcium 
signaling are impaired, the GPS provides some metabolic flexibility to maintain ATP 
production in hippocampal neurons.39,40 Although we observed an initial increase 
in the conversion of DHAP to G3P in MDH1-deficient cells, this decreased over time 
(chapter 5). When the enzymatic capacity of cGPD is insufficient, the GPS may rapidly 
reach its maximum capacity, resulting in the accumulation of its intermediates.41 DHAP 
accumulation may lead to additional product inhibition of the irreversible mitochondrial 
GPD.42 Furthermore, mGPD competes for available coenzyme Q with dihydroorotate 
dehydrogenase (DHODH), which catalyzes the conversion of dihydroorotate to orotate 
in the pyrimidine synthesis from aspartate and glutamine.43 Since aspartate levels are 
increased in MDH1-deficient cells, this mechanism may play a role as well. Overall, this 
suggests that a dysfunctional MAS disrupts glycolysis resulting in increased metabolic 
flux to G3P and, as a result, the ability to compensate energetically for a dysfunctional 
MAS. However, this mechanism is likely to be temporary in parts of the brain and may 
not be adequate in the long term. 

Fueling the TCA cycle: supplying energy sources
The TCA cycle, which generates NADH to facilitate ATP production in the electron 
transport chain, plays an essential role in mitochondrial energy metabolism. 
TCA cycle activity requires fueling with energy-rich substrates, such as pyruvate, 
glutamate and malate.44 MAS dysfunction disturbs glycolysis and decreases the 
flux from glucose to pyruvate and thus the TCA cycle (chapter 4). The flux from 
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pyruvate in the TCA cycle is further constrained by a low cytosolic NAD+/NADH 
balance that suppresses pyruvate dehydrogenase (PDH) activity to generate lactate 
and NAD+ from pyruvate.45 Interestingly, it has been shown that upon inhibition of 
pyruvate entry into the mitochondria, neurons rewire their metabolism and can use 
glutamate as a major source that fuels the TCA cycle at the expense of glutamergic 
neurotransmission.46 This is in line with the fall of glutamine and glutamate in AGC1-
deficient mice, which points to a gradual impairment of glutamergic transmission 
and may also occur in other MAS disorders. In addition to neuronal tissue, the TCA 
cycle is essential for all other tissues in the body. Thus, therapeutic strategies to fuel 
the TCA cycle intermediates are of great interest in MAS disorders. 

Pyruvate
Pyruvate supplementation in those MAS disorders in which intracellular pyruvate 
is decreased has two potentially beneficial effects since it may support cytosolic 
NAD+-recycling by its conversion to lactate and also fuels the TCA cycle by providing 
a direct source for acetyl-CoA. In MDH1-deficient cells, pyruvate supplementation 
restored glycolysis and increased citrate while decreasing aspartate accumulation 
(chapter 5). Here, pyruvate allows oxaloacetate to be metabolized with acetyl-CoA 
via citrate synthase to form citrate rather than being converted to aspartate by GOT2. 
Since high oxaloacetate levels inhibit SDH/complex II, lowering oxaloacetate levels 
has an additional beneficial effect on TCA cycle activity.47 Pyruvate supplementation 
may also be effective in other MAS disorders, as illustrated in AGC1-deficient neurons, 
where pyruvate was able to fully recover the limited respiration.28 In addition, while 
aspartate synthesis is low in GOT2-deficient cells, pyruvate supplementation has 
been shown to restore it, most likely in a GOT1-dependent manner.48 Low-dose 
pyruvate supplementation may be considered as a therapeutic option in several MAS 
disorders due to the low initial concentrations and the multifaceted role of pyruvate 
in the TCA cycle and NAD+/NADH redox imbalance, which is further discussed in the 
section NAD+ -recycling.

Triheptanoin
Triheptanoin is another anaplerotic compound that fuels the TCA cycle and has 
recently regained interest in the field. Triheptanoin is a triglyceride composed of 
glycerol with three heptanoates (seven carbons) that is metabolized to multiple 
TCA cycle anaplerotic substrates, including acetyl-CoA and propionyl-CoA. It 
was originally developed for the treatment of long-chain fatty acid oxidation 
disorders.49–51 In the brains of healthy mice, triheptanoin contributes to TCA cycle 
anaplerosis, primarily in astrocytes, resulting in glutamine production.52 In a case of 
MDH2 deficiency, triheptanoin improved neurological development and the patient’s 
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overall health.6 Furthermore, plasma lactate levels decreased significantly. MDH2 
deficiency impairs oxaloacetate formation and results in acetyl-CoA accumulation. 
Abundant acetyl-CoA inhibits PDH and activates pyruvate carboxylase to shunt 
pyruvate to oxaloacetate, balancing the entry of oxaloacetate with acetyl-CoA in 
the TCA cycle. Since acetyl-CoA accumulates in MDH2-deficient cells, triheptanoin’s 
beneficial properties are most likely due to propionyl-CoA entering the TCA cycle 
at the level of succinate. In addition, since acetyl-CoA entry into the TCA cycle is 
low, MDH2-deficient cells may become more reliant on glutaminolysis to fuel the 
TCA cycle. The elevated plasma glutamine in the MDH2-deficient patient treated 
with triheptanoin could be attributed to triheptanoin performing a similar function 
in fueling the TCA cycle or to an anaplerotic overflow stimulating glutamine 
production.6,52 Other MAS-deficient cells may benefit from triheptanoin in an acetyl-
CoA-dependent manner, which may have similar effects on TCA cycle continuation as 
pyruvate supplementation. The potential multifaceted roles of triheptanoin in MAS 
disorders warrant further investigation. 

Ketogenic diet and beta-hydroxybutyrate
A ketogenic diet (KD) is a low-carbohydrate, high-fat diet that has been proven to 
be a safe and effective treatment for epilepsy.53 A KD causes metabolism to shift 
from glycolysis to β-oxidation, thereby lowering the cytosolic NADH/NAD+ ratio. 
In addition, a KD provides ketone bodies and fatty acids that serve as alternative 
substrates for the TCA cycle, which provides both NADH and FADH2 to the elements 
of the electron transport chain. Enzymes in β-oxidation transfer electrons to 
Coenzyme Q via electron transfer flavoprotein, which is an important regulatory 
hub that controls electron flow to the respiratory chain via flavoenzyme-linked 
dehydrogenation reactions. Indeed, KD therapy is effective in improving seizures 
and overall development in patients with the MAS disorders MDH2 and AGC1 
deficiency.3,14,54,55 In addition, muscle tone, head control and development improve 
in some patients. In the case of AGC1 deficiency, a KD resulted in significant 
clinical improvement as well as normalization of accumulated glycerol/G3P in the 
brain.3 Since the KD with low carbohydrates is highly unpalatable and has low 
compliance, the administration of β-hydroxybutyrate, the main metabolic product 
in a ketogenic diet, was investigated in AGC1-deficient mice in glucose-unrestricted 
conditions. Administration was shown to be beneficial for myelination and dopamine 
homeostasis, likely via enhancing mitochondrial NADH production, respiration, and 
ATP synthesis due to the provision of an acetyl-CoA source.56 In addition, AGC1-
deficient neurons display increased aspartate and N-acetylaspartate synthesis upon 
administration of β-hydroxybutyrate. However, by bypassing glycolysis and thus 
preventing the potentially harmful accumulation of several glycolytic intermediates 
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and derivatives (e.g., G3P, DHAP and sorbitol), while simultaneously providing 
alternative sources for ATP generation, we currently support the KD as a dual-
effective pathomechanism-based dietary treatment approach for MAS disorders.

Serine biosynthesis, one carbon and folate metabolism
In the brain, serine is an important neuromodulator that is primarily synthesized de 
novo in astrocytes which exclusively express the NAD+-dependent phosphoglycerate 
dehydrogenase (PHGDH).57 L-serine serves as a precursor for D-serine synthesis in 
both glutamatergic and GABAergic neurons, where it regulates glutamatergic 
neurotransmission by binding to an N-methyl-D-aspartate receptor (NMDAR) 
subunit.58–60 In addition, L-serine serves as a precursor for the neurotransmitter 
glycine and the synthesis of neuronal membrane lipids.61,62 The importance of serine 
synthesis in neurodevelopment is demonstrated by disorders in the enzymes of the 
serine synthesis pathway that present with microcephaly, seizures and psychomotor 
retardation.13,63 As serine was low in GOT2-deficient patients, we hypothesized 
that the disturbed NAD+/NADH ratio in MAS disorders leads to a secondary serine 
biosynthesis defect.64 Indeed, all MAS-deficient cells have diminished de novo serine 
biosynthesis on a cellular level (chapter 4). Interestingly, since cells require a constant 
high cytosolic NAD+/NADH ratio for cellular processes, pyruvate to lactate oxidation 
becomes the primary source of cytosolic NAD+-regeneration in MAS deficient 
cells.41,65 The regeneration of cytosolic NAD+ by pyruvate to lactate is expected 
to be sufficient for the continuation of PHGDH-mediated serine biosynthesis, at 
least to some extent. In MDH1-deficient cells, the PHGDH-dependent conversion 
of 3-PG to 3-PHP occurred continuously; however, the conversion of 3-PHP to 
3-phosphoserine by phosphoserine aminotransferase (PSAT) did not (chapter 5). 
According to a recent study, PSAT also has affinity for DHAP.66 The strong correlation 
between serine and G3P synthesis from glucose may support the hypothesis that 
G3P and DHAP accumulation contributes to the severity of the secondary serine 
biosynthesis defect (chapter 4). Therefore, the association between G3P, DHAP, 
PSAT and serine synthesis requires further investigation. In addition, since serine is 
mainly synthesized in astrocytes and MAS activity occurs primarily in neurons, the 
in vivo serine biosynthesis defect in the brain is challenged. Investigating whether 
astrocytic G3P levels are elevated, as well as whether elevated systemic G3P levels 
interfere with de novo serine biosynthesis in the brain can provide additional insight 
into the pathophysiological mechanisms that contribute to the clinical neurological 
phenotype observed in MAS disorders.

Patients with disorders in the serine biosynthesis clearly benefit from timely serine 
supplementation; thus, the shared pathophysiological mechanism in MAS disorders 
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may provide the basis for timely serine supplementation in patients as well. In two 
patients with GOT2 deficiency, therapeutic serine supplementation partly alleviated 
the clinical neurological symptoms.64 However, a case description of a patient with 
AGC1 deficiency demonstrated no clear clinical benefit from serine and glycine 
supplementation.3 Although serine supplementation may not be sufficient to 
prevent worsening of the disease, it could be a supportive treatment since serine 
is also an important one-carbon donor in folate metabolism. The conversion of 
serine to glycine donates a one-carbon unit to tetrahydrofolate (THF) to generate 
5,10-methylene-THF.67 Cytosolic 5,10-methylene-THF contributes to the continuation 
of the methionine cycle or can be further oxidized to 10-formyl-THF for purine 
synthesis. Since disorders of serine biosynthesis can lead to mild to moderate 
cerebral folate deficiency, folate metabolism may be affected in MAS disorders 
as well.68 Moreover, MAS disorders share phenotypic and biochemical traits with 
cobalamin metabolism, where the ability to regenerate THF from 5,10-methylene-
THF is affected (Figures 1 and 2).69 The methylation of homocysteine to methionine 
requires cobalamin and a methyl-group donor derived from folate metabolism or 
from betaine, which is derived from choline in the liver and kidney.70,71 As such, 
dietary folate can moderate the dietary requirement for choline (and betaine) and 
vice versa.71–73 Interestingly, decreased choline in patients with MDH1 deficiency 
suggests a disturbance in choline metabolism and may indicate increased use of 
choline as the main donor for methyl-groups (chapter 5). Further investigations into 
one-carbon and folate metabolism in MAS disorders could identify whether folate 
and choline supplementation serve as additional therapeutic strategies. 

MAS disorders share a disturbed cytosolic NAD+/NADH ratio and several clinical 
features with disorders of the respiratory chain,74–76 implying that these patients 
may benefit from serine supplementation as well. Indeed, dysfunction of the 
respiratory chain results in impaired de novo serine biosynthesis.77 In addition, 
mitochondrial respiratory chain dysfunction disturbs mitochondrial folate 
metabolism, as demonstrated by impaired serine catabolism to formate.78 
Furthermore, mitochondrial catabolism of serine has been shown to contribute to the 
mitochondrial NADH pool upon respiratory chain inhibition.79 Although persistent 
serine catabolism may contribute to toxic NADH accumulation in mitochondrial 
disorders,79 this may provide an additional benefit for MAS disorders with impaired 
NADH transfer to the mitochondrial matrix. 

NAD+-recycling and boosting
MAS disorders are characterized by a deficiency in the cytosolic recycling of NAD+ 
from NADH. In addition to the effects on central carbon metabolism, the effects 
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of a disturbed NAD+/NADH ratio on metabolism are extensive, as supported by 
the observed disturbances in purine and serotonin metabolism in untargeted 
metabolomics data (chapters 2 and 5). Hence, a systematic approach to improve 
NAD+-recycling could be more effective in treating MAS disorders. From literature, it 
is well known that the addition of excess pyruvate to cells can restore the intracellular 
NAD+/NADH imbalance. Indeed, alleviating the cytosolic NAD+/NADH imbalance by 
pyruvate supplementation in MDH1-deficient cells restored glycolysis, lowered G3P 
and DHAP and increased serine biosynthesis, in line with previous work in GOT2 KO 
cells (chapter 5).64 In addition, 2-ketobutyrate can recycle NAD+ by its conversion 
to 2-hydroxybutyrate and also restore the flux through glycolysis and the pathways 
branching therefrom in MDH1-deficient cells.80 2-ketobutyrate is generated from 
cysteine or threonine degradation and also feeds the TCA cycle via conversion to 
propionyl-CoA.81 Similar to elevated lactate, high levels of 2-hydroxybutyrate have 
been associated with diabetes and mitochondrial disease, reflecting the redox 
imbalance in these disorders.76,82,83 Although pyruvate supplementation effectively 
restores the NAD+/NADH balance, it is also clear that administering pyruvate to 
patients with a disturbed NAD+/NADH balance can be problematic due to the risk 
of lactic acidosis. However, promising results with pyruvate supplementation have 
been reported in several clinical reports, including in citrin (AGC2) deficiency and 
mitochondrial disorders.84,85 Whether 2-ketobutyrate is suitable for treating patients 
is unknown. Interestingly, an engineered fusion enzyme between bacterial lactate 
oxidase and catalase (LOXCAT), which irreversibly converts lactate and oxygen to 
pyruvate and water, has been found to reduce the NADH/NAD+ ratio in vitro and in 
vivo.86 In the future, this type of invention may offer a promising therapeutic option 
to correct the disturbed cytosolic NAD+/NADH ratio in MAS defects.87

Deficiency in NAD+-recycling may also lead to the depletion of total NAD+-pools. The 
total NAD+-pools are important for NAD+-consuming enzymes, including sirtuins, 
CD38 and poly (ADP-ribose) polymerases.88,89 In these reactions, NAD+ is irreversibly 
catabolized by cleavage to nicotinamide. Overall, NAD+ is a mediator of key cellular 
functions and adaptation to metabolic needs, including metabolic pathways, redox 
homeostasis and maintenance and repair of DNA. Continuous NAD+-synthesis is 
required to avoid depletion of intracellular NAD+-pools, which can be synthesized de 
novo from tryptophan, through the Preiss-Handler pathway from nicotinic acid, or via 
the salvage pathway from NAD+-precursors (e.g., nicotinamide mononucleotide or 
nicotinamide riboside).89 Whether the total levels of NAD+ and NAD+-related signaling 
are also disturbed in MAS disorders is unknown; however, untargeted metabolomics 
data from MDH1-deficient patients point out disturbances in NAD+-synthesis by 
decreased NAD+-degradation products (N1-methyl-2-pyridone-5-carboxamide 
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and nicotinamide N-oxide), as well as a decrease in a side product of tryptophan 
degradation (5-hydroxykynurenamine) (chapter 5). NAD+-enhancers are interesting 
therapeutic options for patients with impaired NAD+ metabolism. Supplementation 
of NAD+ has already been shown to improve systemic NAD+-deficiency in several 
disorders, such as mitochondrial myopathy or pathogenic variants that affect the 
NAD+ de novo synthesis pathways. Interestingly, a study in GOT2 knockdown cells 
demonstrated that the NAD+-precursor nicotinamide mononucleotide failed to 
rescue proliferation, in contrast to the cytosolic NAD+-recycling mechanisms.48 Thus, 
although boosting NAD+ would likely not rescue the metabolic consequences due to 
the disturbed NAD+/NADH balance, it may support NAD+-related signaling processes 
by preventing depletion of the NAD+-pool. 

A spectrum of therapeutic strategies 
The MAS is directly or indirectly involved in many metabolic pathways, including 
glutamate and aspartate synthesis, ATP synthesis, and hundreds of metabolic 
reactions via the maintenance of the cytosolic NAD+/NADH ratio. Given this, 
MAS dysfunction results in multifaceted consequences that can be addressed 
through therapeutic strategies at multiple levels. Overall, MAS disorders primarily 
cause energy deficiency, which mainly affects the highly energy-demanding 
central nervous system. We discussed the ketogenic diet, triheptanoin, serine 
supplementation, pyruvate supplementation and increasing NAD+ levels as potential 
therapeutic strategies. Currently, the ketogenic diet is the most established and safe 
therapeutic strategy to address energy deficiency while avoiding potentially toxic 
cytosolic metabolite accumulation, and it may be most effective in the prevention of 
neurodegeneration.3 Other therapeutic strategies require additional investigation to 
provide evidence-based medicine. The extent of the serine biosynthesis defect in the 
central nervous system and the effectiveness of serine supplementation need to be 
delineated,64 since it may support myelination processes and one-carbon metabolism 
but may also play a role in mitochondrial energy metabolism.79 Furthermore, the 
extent to which NAD+-pools are depleted and regulatory mechanisms are altered 
requires further investigation in order to investigate the therapeutic option of 
NAD+-precursor supplementation. Moreover, it is important to keep in mind that the 
pathophysiology of each MAS disorder is unique and requires a different therapeutic 
approach. Our findings indicate that the pathophysiology of GOT1, MDH1, AGC and 
GOT2 defects is most similar on a cellular level, in contrast to that of MDH2. MDH2 
is also classified as a disorder of the TCA cycle and thus may require a different 
approach focused on restoring mitochondrial energy metabolism, whereas in other 
disorders cytosolic NAD+-recycling can be a major target. There are currently no 
completely safe therapeutic strategies for recycling cytosolic NAD+, but promising 
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developments are being made, such as LOXCAT, which may eventually be available 
as enzyme therapy.86 Other advances in mRNA therapy that have been studied in a 
mouse model of citrin deficiency also provide a promising therapeutic strategy.90 
Ultimately, genetic therapies, such as gene therapy or gene editing, are expected to 
revolutionize the treatment of rare inherited diseases.91,92
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Figure 3. Pathophysiological consequences and therapeutic strategies for MAS disorders.
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PART 2 – Metabolic phenotyping in rare  
hereditary anemias

Metabolomics in hereditary anemias

A functional layer between genotype and phenotype
Diagnostics of rare hereditary anemia (RHA) is challenging due to clinical and genetic 
heterogeneity, as well as poorly understood relations between the underlying 
mutations and the clinical severity. To unravel genotype-phenotype relations in RHAs, 
more functional approaches are required. A metabolic phenotype, representing the 
functional readout of the genotype leading to a clinical phenotype, may contain 
important insights that facilitate both the understanding and delineation of disease 
phenotypes. In addition, these metabolic insights can provide a basis for the 
development of therapeutic options in RHA.93,94 Untargeted metabolomics studies 
using dried blood spots have been performed in many different diseases, but not 
yet in RHA. Here, we applied metabolomics to elucidate the disease metabolome of 
several RHAs as well as to explore its diagnostic potential. 

Clinical metabolic phenotyping in RHA

Opportunities for diagnostics
Broad metabolic screening using untargeted metabolomics yields a large amount 
of data. In the field of medicine and healthcare, machine learning is increasingly 
used to analyze large datasets to identify patterns and make predictions about 
patient outcomes in order to improve accuracy and speed of diagnosis.95 We initially 
demonstrated the feasibility of metabolomics in RHA for the metabolic defect 
pyruvate kinase deficiency (PKD) (chapter 6). As a proof-of-principle, patients could 
be discriminated from healthy controls by a predictive machine-learning model 
that exclusively used the metabolic fingerprint. From a clinical perspective, the 
diagnostic potential of a metabolic fingerprint provides opportunities. Hence, we 
extended this approach to Diamond-Blackfan anemia (DBA), a disorder for which 
currently no functional diagnostic tests are established (chapter 7). While we 
proved that binary classification models can be a powerful tool in discriminating 
PKD or DBA from healthy controls, integration in a clinical setting requires a different 
approach.96 A clinical diagnostic algorithm has added value when it processes 
multiple diagnostic outcomes of clinically similar diseases. This requires disease-
specific metabolic fingerprints that discriminate between multiple diseases or 
recognize healthy individuals. We illustrated that the clinically similar disorders DBA 
and CDA had disease-specific metabolic phenotypes, therefore holding promise 
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for the development of such a clinical diagnostic model (chapter 7). Although not 
further explored in this thesis, incorporation of additional data could provide more 
discriminative power, such as diagnostic metabolite ratios, hemoglobin values, or 
blood cell counts. The development of an effective algorithm comes down to the 
statistical power of the sample size, which is often an issue in studying rare diseases. 
Here, we used repetitive classification to estimate the accuracy of our selected 
models; however, a larger sample size is preferred.97 These algorithms provide a first 
step toward future diagnostic models that will require the integration of more patient 
data in their development. On that account, to advance diagnostics in the field of 
rare diseases, a collaborative effort is required. Overall, the use of metabolomics in 
predicting diagnostic outcomes is an exciting and rapidly advancing field of research 
that has the potential to greatly improve the accuracy and speed of diagnosis, 
ultimately leading to improved outcomes for patients. 

Opportunities for clinical management
A functional tool that aids in clinical-decision making could be a valuable asset for 
the clinical management of patients with RHA. Metabolomics provides opportunities 
for investigating or eventually predicting treatment response, as illustrated by the 
different metabolic profiles of DBA patients under different treatment modalities 
(chapter 7). In addition, metabolomics provides the possibility to assess the severity 
of the disease, as we identified a specific metabolite pattern that is associated with 
clinical severity in patients with hereditary spherocytosis (HS) (chapter 8). Hence, 
metabolomics in RHA may aid in the discovery of predictors of treatment response 
or prognostic markers of clinical severity. Ideally, metabolomics aids in the prediction 
of whether therapeutic interventions such as splenectomy should be performed or 
not. In prospect, metabolomics may play a role in the development of personalized 
medicine that improves the effectiveness of treatments and reduces the likelihood 
of adverse side effects. 

Metabolic insights and pathophysiological leads in RHA

Polyamines and carnitines: markers of proliferation or hemolysis?
The large amounts of data yielded by untargeted metabolomics provide the opportunity 
to generate hypotheses for future investigations. Both HS and PKD, as well as forms of 
CDA, are hemolytic anemias, which are characterized by the rupture of red blood cells 
(RBCs) and the release of their contents into the blood. Interestingly, their metabolic 
profiles revealed elevated polyamines (e.g., spermidine, N1-acetylspermidine), as well as 
a remarkable number of acylcarnitines (e.g., carnitine, acetylcarnitine, propionylcarnitine) 
(chapters 6-8). Previous metabolomic studies also identified increased polyamines 
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(spermidine and spermine), carnitine and acetylcarnitine in the RBCs of patients 
with sickle cell anemia (hemoglobinopathy)98 and overhydrated stomatocytosis (RBC 
membrane disorder).99 In addition, elevated polyamines and fatty acids have been 
observed in the RBCs of PKD patients.100 This suggests a pathophysiological role for 
polyamines and carnitines in hemolytic anemia in general. Furthermore, we demonstrated 
that several polyamines (spermidine and N1-acetylspermidine), acetylcarnitine and 
propionylcarnitine correlated positively with reticulocytes and negatively with the 
number of red blood cells and red cell membrane deformability in HS (chapter 8). Both 
polyamines and acetylcarnitine have been associated with stabilization of the RBC 
membrane.101–104 Polyamines can bind DNA and regulate the activity of genes, thereby 
controlling the production of proteins to support normal growth and function, which is 
particularly important during periods of rapid cell growth, such as fetal development and 
in certain cancer cells.105 Indeed, increased levels of polyamines have been associated 
with younger RBCs,106 suggesting that polyamines may be required for membrane 
stabilization during the extensive membrane remodeling reticulocytes undergo during 
RBC maturation remodeling.107 Interestingly, in overhydrated stomatocytosis but not in 
sickle cell anemia, spermine was identified as an RBC age-related metabolic signature.98,99 
Previous work also demonstrated that carnitine, acetylcarnitine and propionylcarnitine 
correlated positively with the reticulocyte production index in patients with sickle cell/
beta-thalassemia disease.108 Whether polyamines and carnitines are indicators of RBC 
proliferation, related to RBC characteristics, indirect markers of disease severity, or 
involved in the pathophysiology of different types of RHA remains to be investigated. 
Since RBC membrane loss and decreased RBC deformability are strong markers of clinical 
severity in HS,109 the increased polyamines may also reflect red cell membrane damage 
on a metabolic level in clinically severe cases (chapter 8). This is supported by the recent 
finding of an association between polyamines and hemolytic activity in autoimmune 
hemolytic anemia.110 In addition to a metabolic fingerprint, metabolomics and isotope 
tracer analysis in isolated red blood cells can provide additional functional in-depth 
pathophysiological insights.111

Dried blood spots metabolomics in RHA
Dried blood spots (DBS) have been used for newborn screening since the 1960s,112 but 
are increasingly used in various other fields, such as therapeutic drug monitoring and 
pharmacokinetics.113,114 Clinical use of DBS for metabolic profiling has great advantages 
since it is a non-invasive and quick method that provides many advantages in storage 
and transport if implemented in a diagnostic workflow. In addition, only a small sample 
volume is required, enabling at-home sampling and longitudinal analysis. These 
benefits are of particular interest for comparative metabolomics studies conducted in 
remote locations or with large cohorts from multiple collaborating centers.
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Blood composition and the DBS metabolome in RHA
Since anemia is characterized by altered blood composition, several aspects 
regarding the use of DBS in RHA need to be addressed. One major concern with the 
use of DBS-based metabolomics in general is their volumetric accuracy. When a fixed 
blood spot punch is taken, the spread of blood on DBS is of importance. The blood 
viscosity is affected by the fraction of red blood cells, also known as the hematocrit 
level. Hematocrit (Ht) levels vary per age, ranging from 28-64%,115,116 but are also 
intrinsically affected by anemia. A high Ht sample may contain more blood cells than 
a low Ht sample, introducing metabolite variation. This may be of particular concern 
for RHA patients, as we demonstrated that some metabolites were strongly correlated 
with RBC counts (chapter 8); however, it is unknown whether normalization for 
hematocrit levels also improves data interpretation in RHA patients. Recently, it was 
shown that varying Hts ranging from 31-50% did not play a significant role in the 
variation of metabolomics results.117 Moreover, the normalization for hemoglobin 
levels may provide an even better standardization method for DBS metabolomics.118 
The extent and need for normalization of DBS metabolomics in RHA require further 
investigation focused on improving the understanding between Ht, Hb and the 
metabolic profile. In addition, it is worthwhile to delineate relations between the DBS 
and RBC metabolome. Finally, the effects of therapeutic interventions, such as blood 
transfusions and splenectomy, on the blood composition and DBS metabolome 
require further investigation. 

Translation of metabolic insights in rare diseases
Since patient material is often scarce, elucidating rare disorders often requires working 
with cellular or model organisms. In this thesis, we studied metabolic profiles from 
both cells and patient material with the aim to increase our pathophysiological 
knowledge of inherited diseases and ultimately improve their diagnosis and 
treatment. So how can these metabolic insights eventually contribute to improved 
patient care? We first demonstrated that by using a broad-metabolic screening 
platform we were able to establish a detailed biomarker profile in MDH1 deficiency, 
which would otherwise remain undetected using routine diagnostic biochemical 
analysis (G3P). This and many other examples illustrate that the implementation of 
untargeted metabolomics screening platforms in diagnostics has the potential to 
significantly advance diagnostic biomarker identification and, ultimately, disease 
recognition.119 In addition, we identified several leads to study pathophysiology in 
several RHAs. Important to note is that the use of direct-infusion mass spectrometry 
often requires follow-up targeted mass spectrometry to confirm correct interpretation 
of the results. Furthermore, the metabolic profile of patients allowed us to compare 
findings in our in vitro cellular models, keeping our findings close to clinical relevance. 
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Although cell lines serve as a good model for studying cellular consequences, for 
translational insights, tissue-specific expression of the inherited defects must be 
considered to obtain clinical translational results that can aid in disease management. 
In MAS disorders, for instance, serine biosynthesis may be primarily affected in cell 
types that also express GPD1. Thus, providing a relevant metabolic context for the 
disorder of interest is an important aspect to take into consideration. Since MAS 
disorders are primarily neurological disorders, future research can focus on the more 
specific role of MAS components in different neurological cell types, as demonstrated 
by studies of the AGC transporter.21,28,31,56 In addition, although the use of a single 
cellular model is a first step toward understanding key mechanistic insights, it is 
also a significant limitation in this study. More in-depth translational insights could 
be gained from patient cells containing the pathogenic mutation, e.g. fibroblasts or 
induced pluripotent stem cells that differentiate in the tissues of interest (e.g. neurons). 
Although these cellular systems more closely reflect patient pathophysiology, cellular 
systems do not recapitulate tissues with multiple cell types and three-dimensional 
organizations. Hence, findings from in vitro experiments are still difficult to extrapolate 
to patients. Here, recent advances, such as three-dimensional organoids or organs-on-
a-chip (capable of simulating blood flow), allow for more tissue-specific and dynamic 
insights. In particular brain organoids may be an interesting model to further study 
MAS disorders. Ultimately, animal models provide insights into inter-organ effects of 
disrupted metabolism and can also reflect patient pathophysiology more closely.

In perspective: Applications of metabolomics in rare diseases
Untargeted metabolomics provides many opportunities and openings for future 
metabolic investigations through its hypothesis-regenerating nature. Metabolomics, 
as a relatively new -omics field, still faces many technical and data-related challenges, 
including interpretation. Integration of metabolomics with knowledge from the 
metabolic network or other omics can further enhance the potential of metabolomics 
and its meaningful interpretation for diagnostics as well as for research. In this thesis, 
we demonstrated that metabolomics aids in biomarker discovery, identification of 
pathophysiological leads, design of therapeutic interventions, assessment of clinical 
severity and response to treatment. We showed that tracing metabolic pathways can 
lead to important pathophysiological insights that can ultimately be used to improve 
clinical patient care. Through its multifaceted aspects in both clinical and diagnostic 
applications, untargeted metabolomics holds the potential to revolutionize the field 
of rare inherited diseases.
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NEDERLANDSE SAMENVATTING

De onderstaande Nederlandse samenvatting is gebaseerd op de inleiding, 
samenvatting en discussie van dit proefschrift, te vinden in hoofdstuk 1 en 9. 

Metabolomics: Een blik op het metabolisme
Het metabolisme is een complex geheel van biochemische reacties die essentieel zijn 
voor het leven. Metabole processen zetten voedingsstoffen om in zowel moleculaire 
bouwstenen als energie, en tegelijkertijd ontdoet het ons lichaam van afvalstoffen. 
Fouten in deze metabole processen kunnen leiden tot diverse ziekten, en het begrijpen 
ervan biedt mogelijkheden voor preventie en de behandeling van aandoeningen. 
Een methode om het metabolisme nader te doorgronden is het onderzoeken van het 
metaboloom – het geheel van alle stoffen in een biologisch monster. De brede studie 
van het metaboloom, ook wel bekend als metabolomics, onthult als het ware een 
metabole vingerafdruk, wat diepere inzichten verschaft in de complexe biochemische 
processen die zich afspelen in cellen en weefsels. Hierdoor kunnen we op moleculair 
niveau een momentopname maken van een organisme.  

Binnen het metabolomics-veld zijn er twee mogelijke benaderingen: gerichte 
(targeted) en niet-gerichte (untargeted) metabolomics. Targeted metabolomics focust 
op een vooraf bepaalde set van metabolieten, terwijl untargeted metabolomics juist 
alle meetbare metabolieten analyseert. De brede ‘untargeted’ benadering is uiterst 
waardevol voor het ontdekken van nieuwe biomarkers en het verkrijgen van een 
diepgaander begrip van verschillende ziekten, juist omdat het vaak onverwachte 
inzichten oplevert. Gezien het dynamische karakter van het metabolisme, is ook 
het gebruik van stabiele isotopen van grote toegevoegde waarde om metabolische 
omzettingen en verstoringen daarin te volgen. Door bijvoorbeeld glucose te 
voorzien van verzwaarde koolstofatomen (zoals koolstof-13 (13C) in plaats van 
koolstof-12 (12C)), kunnen we de route van deze gelabelde koolstofatomen door 
het metabolisme traceren. Door de gegevens uit metabolomics te combineren 
met inzichten in metabole routes, ontstaat een aanzienlijk dieper begrip van het 
metabolisme in zowel gezondheid als ziekte. Met name bij zeldzame erfelijke 
aandoeningen, waarbij de onderliggende pathofysiologie vaak nog grotendeels 
onbekend is, kan metabolomics van onschatbare waarde zijn bij het identificeren 
van verstoorde metabole routes en mogelijke aangrijpingspunten voor behandeling. 

Erfelijke metabole ziekten: Een uitdaging in diagnose en behandeling
Erfelijke ziekten ontstaan door veranderingen in DNA-sequenties en kunnen 
een uiteenlopend scala aan klinische symptomen veroorzaken, variërend van 
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mild tot levensbedreigend. Het is van cruciaal belang om deze ziekten snel te 
diagnosticeren en te behandelen om de overlevingskansen te vergroten. Binnen 
dit spectrum vallen erfelijke metabole ziekten, een groep van meer dan 1000 
verschillende zeldzame aandoeningen die het stofwisselingsproces verstoren. Het 
opsporen van deze aandoeningen is vaak mogelijk door specifieke metabolieten 
in lichaamsvloeistoffen te meten. Een voorbeeld van een erfelijke metabole ziekte 
is fenylketonurie (PKU), waarbij de omzetting van het aminozuur fenylalanine niet 
correct verloopt. Dit resulteert in verhoogde fenylalaninewaarden in het bloed, wat 
vervolgens neurologische symptomen veroorzaakt. De behandeling van PKU omvat 
onder andere het vermijden van voedsel met fenylalanine, wat de symptomen kan 
verlichten. 

Andere erfelijke metabole ziekten kunnen eveneens een breed scala aan symptomen 
veroorzaken, zoals spierzwakte, epileptische aanvallen en diverse neurologische 
stoornissen. Veel van deze ziekten hebben momenteel een weinig begrepen 
pathofysiologie, wat betekent dat behandeling zich vaak richt op het verlichten 
van symptomen in plaats van de onderliggende oorzaak. Het begrijpen van de 
pathofysiologie van deze ziekten is echter cruciaal bij het opstellen van een 
effectieve behandeling. 

Het traceren van metabole paden in een spectrum van erfelijke 
ziekten: aandoeningen van de malaat-aspartaat shuttle en zeldzame 
erfelijke anemie
Untargeted metabolomics kan een waardevol hulpmiddel zijn bij het identificeren 
en karakteriseren van zeldzame erfelijke ziekten. Door het analyseren van een 
bescheiden biologisch monster, kunnen duizenden metabolieten worden 
gedetecteerd, wat zowel diagnostische als therapeutische mogelijkheden bied. In dit 
proefschrift ligt de focus op het begrijpen van de pathofysiologie van verschillende 
zeldzame erfelijke ziekten, met behulp van untargeted metabolomics en het 
traceren van stabiele isotopen in cel modellen. Specifiek richt het onderzoek zich op 
aandoeningen in de malaat-aspartaat shuttle en zeldzame erfelijke anemie, waarbij 
fenotypische herkenning, moleculaire diagnostiek en pathofysiologische inzichten 
centraal staan. 
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Deel 1 – Pathofysiologische inzichten in 
aandoeningen van de malaat-aspartaat shuttle

De malaat-aspartaat shuttle 
De malaat-aspartaat shuttle (MAS) is een cyclus met een belangrijke rol in de 
energiestofwisseling van cellen, vooral in weefsels met een hoge energiebehoefte, 
zoals het centrale zenuwstelsel. Voor een efficiënte energiestofwisseling zijn zowel 
voedingstoffen, zoals koolhydraten, eiwitten en vetzuren, als zuurstof (O2) benodigd. 
Tijdens de afbraak van voedingstoffen komen geleidelijk elektronen vrij, die op een 
gecoördineerde wijze worden uitgewisseld tussen moleculen. Een belangrijke speler 
in dit proces is de cofactor nicotinamide-adenine-dinucleotide (NAD+), dat essentieel 
is voor het verplaatsen van elektronen door ze op te nemen (reductie) en weer af te 
geven (oxidatie). De elektronen van metabolieten worden overgedragen aan NAD+, 
waardoor NADH wordt gevormd. Onder andere via de MAS, vinden deze elektronen 
uiteindelijk hun weg naar de mitochondriën, de energiefabrieken van de cel. De MAS 
transporteert deze elektronen van NADH van het cytosol naar de mitochondriën. 
Het enzym malaat dehydrogenase 1 (MDH1) speelt hierbij een cruciale rol door de 
elektronen van NADH over te dragen naar een oxaloacetaat molecuul, waardoor 
malaat en NAD+ worden gevormd. Het resulterende malaat wordt vervolgens in 
de mitochondriën getransporteerd, waar het mitochondriële enzym MDH2 het 
elektron van malaat afstaat aan een beschikbaar NAD+-molecuul. Hierbij wordt NADH 
opnieuw gevormd in de mitochondriën. De NADH-elektronen worden vervolgens 
overgedragen aan de mitochondriële elektronentransportketen, waar ze bijdragen 
aan de vorming van energierijke ATP-moleculen en waarin zuurstof als de laatste 
elektronenacceptor fungeert. In aanvulling op de MDH-enzymen maken ook 
glutamaat-oxaloacetataat transaminasen (GOT1 en GOT2), de malaat-2-oxoglutarate 
transporter (OGC) en de aspartaat-glutamaat transporter (AGC) deel uit van de MAS-
cyclus. Naast de rol van de MAS in indirect elektronentransport, vervult het ook een 
belangrijke functie bij het handhaven van de NAD+/NADH verhouding in de cel. Deze 
balans is belangrijk voor het voortzetten van diverse metabole routes in de cel.

Aandoeningen van de MAS
De tot nu toe beschreven erfelijke MAS-aandoeningen zijn onder andere AGC2 (Citrine) 
deficiëntie en AGC1 (Aralar) deficiëntie, welke respectievelijk tot expressie komen in 
de lever en hersenen. Recentelijk zijn er ook patiënten beschreven met deficiënties 
in de mitochondriële enzymen GOT2 en MDH2. In dit proefschrift beschrijven we de 
eerste patiënten met een MDH1-deficiëntie (hoofdstuk 2). Met behulp van untargeted 
metabolomics hebben we glycerol 3-fosfaat (G3P) als biomarker in bloedspots van 
deze twee patiënten vastgesteld, die nu kan worden gebruikt als indicatie voor 
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een MDH1-deficiëntie. Beide patiënten vertoonden neurologische symptomen, 
algemene ontwikkelingsachterstand, epilepsie en progressieve microcefalie. Deze 
klinische verschijnselen vertonen overeenkomsten met andere neurologische MAS-
aandoeningen, zoals de AGC1, MDH2 en GOT2-deficiënties. In een literatuuroverzicht 
hebben we de klinische en biochemische bevindingen van de MAS-aandoeningen 
met elkaar vergeleken om de klinische herkenning te vergemakkelijken (hoofdstuk 
3). Omdat de symptomen vaak niet uniek zijn, is het moeilijk om een aandoening 
uitsluitend te identificeren op basis van fenotypische kenmerken. Een meer 
gerichte diagnose kan worden gesteld door het combineren van zowel fenotype als 
biochemie. Echter, MAS-aandoeningen vertonen zowel fenotypische als biochemische 
overeenkomsten met andere erfelijke metabole ziekten die verband houden met het 
energie- en aminozuurmetabolisme. Een dieper inzicht in de onderliggende oorzaak 
van biochemische veranderingen en pathofysiologie kan substantieel bijdragen aan 
het monitoren van deze complexe aandoeningen. 

De pathofysiologie van MAS-defecten
Om inzicht te krijgen in de pathofysiologie van de verschillende MAS-aandoeningen 
op cellulair niveau, hebben we gebruik gemaakt van celmodellen. Hierbij hebben 
we een genetische verstoring aangebracht in de individuele MAS componenten in 
verschillende cellijnen.  In deze MAS-deficiënte cellijnen hebben we vervolgens de 
omzettingen van een stabiel glucose-isotoop door het metabolisme getraceerd. 

Serine is een belangrijk aminozuur in de hersenen en dient als voorloper van onder 
andere neuronale membraanlipiden en neurotransmitters zoals D-serine en glycine. 
Wanneer de serine-aanmaak verstoord is, kunnen neurologische aandoeningen het 
gevolg zijn. De synthese van serine is onder andere afhankelijk van de NAD+/NADH 
balans, en eerdere bevindingen tonen aan dat bij patiënten met een GOT2-deficiëntie 
een secundair defect in de serine biosynthese optreedt. Hierbij bleek serinesuppletie 
een effectieve behandeling voor het verlichten van het neurologische fenotype. We 
vroegen ons daarom af of de verstoorde NAD+/NADH balans in andere MAS-defecten 
eveneens leidt tot een verstoorde serinesynthese. Ons onderzoek laat inderdaad zien 
dat alle MAS-deficiënte cellen een verminderde serinesynthese hebben (hoofdstuk 4). 
Dit impliceert dat patiënten met andere MAS-aandoeningen ook gebaat kunnen zijn 
bij serinesuppletie. 

Bij ons onderzoek kwam naar voren dat naast een verstoorde serinesynthese 
ook de gehele glycolyse in MAS-deficiënte cellen verstoord was, resulterend in 
een verhoogd G3P. Deze stof maakt deel uit van de glycerol fosfaat shuttle, een 
andere NADH shuttle waarin NAD+ gegenereerd wordt in het cytosol. De verhoogde 
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omzetting naar G3P kan duiden op een gunstig effect op de NAD+/NADH balans. 
In MDH1-deficiënte cellen vonden we dat er naast de verhoogde omzetting ook 
een ophoping plaatsvond van de precursor van G3P, wat suggereert dat de glycerol 
fosfaat shuttle mogelijk niet in staat is om deze metabolietenaanvoer effectief te 
verwerken (hoofdstuk 5). Daarnaast zijn er aanwijzingen dat de opstapeling van de 
precursor van G3P mogelijk een effect heeft op de serinesynthese, hoewel verder 
onderzoek vereist is om dit volledig te begrijpen. 

De MAS is nauw verweven met de mitochondriële citroenzuurcyclus, ook wel 
bekend als de tricarbonzuur (TCA) cyclus, via MDH2. De TCA-cyclus speelt ook 
een belangrijke rol in het elektronentransport door de vorming van NADH, waar 
behalve malaat, ook glutamaat en pyruvaat belangrijke substraten zijn. Daarnaast 
is pyruvaat, het eindproduct van de glycolyse, een belangrijke elektronenacceptor 
die, na omzetting naar lactaat in het cytosol NAD+ genereert. Het toevoegen van 
pyruvaat aan MDH1-deficiënte cellen heeft inderdaad een herstellend effect op 
het verloop van verstoorde NAD+-afhankelijke processen, zoals de glycolyse en 
serinesynthese, en fungeert eveneens als substraat voor de voortgang van de TCA 
cyclus (hoofdstuk 5). Daarnaast hebben we andere verstoorde routes in MDH1-
deficiënte cellen geïdentificeerd, waaronder een verhoogde metabolietflux naar de 
pentosefosfaatroute, resulterend in een accumulatie van ribitol. Deze verhoging van 
ribitol was tevens terug te vinden in de bloedspots van MDH1-deficiënte patiënten. 
De omzetting van sorbitol naar fructose in de polyolroute is NAD+-afhankelijk en 
een blokkade in deze route kan eveneens bijdragen aan de pathomechanismen van 
MDH1-deficiëntie.

De MAS speelt dus een integrale rol in tal van metabole processen, en een 
ontregeling ervan kan leiden tot energietekorten, met name in het centrale 
zenuwstelsel. Onze bevindingen bieden een fundament voor therapeutische 
strategieën die zich kunnen richten op herstel van zowel het energiemetabolisme als 
de NAD+/NADH balans. Het ketogeen dieet, gekenmerkt door een hoog gehalte aan 
vetzuren en een laag gehalte aan koolhydraten, is momenteel de meest gevestigde 
en veilige behandelingsstrategie voor het aanpakken van een energietekort, waarbij 
tegelijkertijd de mogelijk toxische opstapeling van enkele metabolieten vanuit 
glucose worden vermeden. Andere therapeutische mogelijkheden voor MAS-
aandoeningen vereisen aanvullend onderzoek. 
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Deel 2 – Metabole fenotypering in zeldzame  
erfelijke anemieën

Erfelijke anemie
Bloedarmoede, ook wel bekend als anemie, is een aandoening waarbij er onvoldoende 
rode bloedcellen of hemoglobine in het bloed aanwezig zijn. Rode bloedcellen, 
de meest voorkomende cellen in ons lichaam, vervullen een belangrijke functie: 
het transporteren van zuurstof naar weefsels en het afvoeren van koolstofdioxide. 
Deze functie wordt mogelijk gemaakt door het aanwezige zuurstofbindende eiwit, 
hemoglobine. Tijdens hun rijping ontdoen rode bloedcellen zich van alle andere 
celorganellen om ruimte te maken voor hemoglobine. Hierdoor hebben ze slechts 
beperkte metabole activiteit en zijn ze voornamelijk afhankelijk van de anaërobe 
glycolyse voor energieproductie en de pentosefosfaatroute om hun antioxidant 
afweer te behouden. Daarnaast bevatten rode bloedcellen een unieke metabole 
route, de Rapoport-Luebering-shunt, waarbij de ​​stof 2,3-bisfosfoglyceraat (2,3-DPG) 
wordt gegenereerd ter bevordering van de zuurstofafgifte aan weefsels. Anemie 
leidt tot vermoeidheid, kortademigheid en diverse andere symptomen, doordat het 
bloed minder efficiënt zuurstof kan transporteren. Erfelijke anemie omvat zeldzame 
aandoeningen die worden veroorzaakt door verschillende genetische afwijkingen in 
het functioneren of de aanmaak van rode bloedcellen. Dit proefschrift spitst zich toe 
op drie verschillende typen erfelijke anemie: Pyruvaat kinase deficiëntie, Diamond 
Blackfan anemie en erfelijke sferocytose.

1.	 Pyruvaat kinase deficiëntie (PKD) is een aandoening waarbij het enzym pyruvaat 
kinase (PK) niet goed werkt in de rode bloedcel. Omdat rode bloedcellen 
geen mitochondriën bevatten, is PK essentieel voor de productie van ATP. De 
verminderde ATP-productie leidt tot voortijdige afbraak van rode bloedcellen 
in de lever of milt. De behandeling bestaat voornamelijk uit bloedtransfusies.

2.	 Diamond Blackfan anemie (DBA) is een aandoening waarbij mutaties leiden 
tot een verstoring in de aanmaak van de rode bloedcellen. Patiënten hebben 
onder andere aangeboren misvormingen en een verhoogd risico op kanker. De 
behandeling bestaat uit toediening van glucocorticoïden en bloedtransfusies. 
Momenteel is stamceltransplantatie de enige curatieve behandeling voor DBA.

3.	 Erfelijke sferocytose (HS) ontstaat door mutaties die de membraaneiwitten 
in rode bloedcellen aantasten. Deze membraaneiwitten zijn cruciaal voor de 
flexibiliteit van rode bloedcellen terwijl ze door het vaatstelsel circuleren. De 
verstoring van membraaneiwitten resulteert in sferisch rode bloedcellen die 
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vastlopen en voortijdig worden afgebroken in de milt. Patiënten lijden hierdoor 
aan anemie, geelzucht, een vergrote milt en galstenen. De behandeling omvat 
regelmatige bloedstransfusies en in ernstige gevallen een verwijdering van de 
milt, geheel of gedeeltelijk. 

Metabole fenotypering met een klinische toepassing
Om zeldzame erfelijke anemieën beter te begrijpen en de behandelingen ervan 
te verbeteren is aanvullend onderzoek noodzakelijk. In ons onderzoek hebben 
we untargeted metabolomics gebruikt als een nieuw onderzoeksinstrument voor 
erfelijke anemie, dat kan bijdragen aan zowel het versnellen van diagnostische 
procedures als het ontrafelen van de complexiteit van deze aandoeningen. 
We verzamelden bloedspots van patiënten met PKD, DBA en HS en gebruikten 
untargeted metabolomics om metabole vingerafdrukken vast te stellen. Binnen de 
medische gemeenschap wint machine-learning aan populariteit voor de analyse 
van omvangrijke datasets, dat door het ontdekken van patronen voorspellingen 
kan doen over patiënt uitkomsten, waarmee de snelheid en nauwkeurigheid van 
diagnoses kunnen worden verbeterd. In ons onderzoek hebben we laten zien 
dat met behulp van een machine-learning model patiënten met PKD en DBA te 
differentiëren zijn van gezonde controlepersonen op basis van hun metabole 
vingerafdruk (hoofdstuk 6 en 7). Daarnaast vonden we een verschil in de metabole 
vingerafdruk van DBA en congenitale dyserytropoëtische anemie (CDA), een klinisch 
en diagnostisch vergelijkbare ziekte. Deze bevindingen suggereren dat het mogelijk 
is om een onderscheidende diagnose te stellen op basis van een specifiek metabool 
profiel voor deze aandoeningen. Het vergroten van het aantal patiënten zou de 
statistische kracht van deze modellen versterken. Ondanks dat markeert het gebruik 
van metabolomics als middel voor het voorspellen van diagnostische resultaten 
een veelbelovend onderzoeksgebied dat kan bijdragen aan het verbeteren van 
diagnostiek en de uitkomsten voor de patiënt. 

Naast een potentieel instrument voor ziektevoorspelling kan metabolomics ook 
worden ingezet ter ondersteuning van klinische besluitvorming. Zo ontdekten 
we een onderscheidende metabole signatuur bij DBA-patiënten die verschillende 
behandelingen ondergingen, wat mogelijkheden biedt om de respons op 
behandeling te monitoren of zelfs te voorspellen (hoofdstuk 7). Verder konden 
we onderscheid maken tussen patiënten met verschillende gradaties van klinische 
ernst bij HS (hoofdstuk 8). Idealiter kan metabolomics dus worden toegepast 
om voorspellers van behandelingseffectiviteit of klinische ernst te identificeren, 
waarmee individueel de effectiviteit van behandelingen kan worden verbeterd en 
de risico’s op bijwerkingen kunnen worden verminderd. 
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Metabole inzichten in de pathofysiologie van RHA
Naast de mogelijkheden die een complete metabole vingerafdruk biedt, kan untargeted 
metabolomics ook dienen als instrument om hypothesen te formuleren voor toekomstig 
onderzoek, zoals het identificeren van pathofysiologische aanknopingspunten. Zowel 
HS als PKD worden gekenmerkt door hemolytische anemie, waarbij het openbreken van 
de RBC’s resulteert in de afgifte van cel inhoud in het bloed. Enkele overeenkomsten 
tussen de metabole vingerafdrukken van beide ziekten waren verhoogde niveaus 
van polyamines en acylcarnitines. Bovendien vonden we een correlatie tussen 
deze metabolieten en het aantal RBC’s en voorloper RBC cellen. Deze bevindingen 
suggereren dat deze metabolieten wellicht een rol spelen in de pathofysiologie van de 
ziekte of dat ze een indicatie zijn van de ernst van de aandoening. 

Bloedspots in erfelijke anemie
Hoewel bloedspots al sinds de jaren zestig worden gebruikt in de hielprikscreening voor 
pasgeborenen, vinden ze tegenwoordig bredere toepassing in diverse onderzoeksvelden, 
zoals behandelingsmonitoring en farmacokinetiek. De niet-invasieve en snelle aard 
van het verkrijgen van bloedspots biedt tal van voordelen voor opslag en transport in 
diagnostische setting. Echter, bij het gebruik van bloedspots in de context van erfelijke 
anemie zijn er belangrijke overwegingen die verder onderzocht moeten worden. De 
veranderde bloedsamenstelling in anemie kan invloed hebben op de bloedverspreiding 
in de bloedspot en daarmee de gemeten metabolietconcentraties beïnvloeden. Het is 
nog onduidelijk of corrigeren voor bloedcel- of hemoglobinegehalte daadwerkelijk 
resulteert in een verbeterde interpretatie van de data.  

Toepassingen van untargeted metabolomics in zeldzame ziekten 
Dit proefschrift heeft zich gericht op het bestuderen van zowel metabole profielen in 
cellen als bij patiënten met zeldzame ziekten om de pathofysiologische kennis van 
deze ziekten te vergroten, wat potentieel kan bijdragen aan verbeterde diagnose- 
en behandelingsmogelijkheden. Maar hoe dragen deze inzichten nu uiteindelijk 
bij aan verbeterde patiëntenzorg? Een voorbeeld hiervan is dat het gebruik van 
untargeted metabolomics kan leiden tot de ontdekking van een biomarkerprofiel 
dat anders niet gedetecteerd zou worden, zoals G3P in MDH1-deficiëntie. Daarnaast 
hebben we inzichten verkregen in de onderliggende pathofysiologie van diverse 
zeldzame ziekten. Het is echter belangrijk te benadrukken dat de bevindingen van 
celmodellen verder moeten worden onderzocht in patiëntmateriaal om de klinische 
relevantie ervan te bevestigen. Daarnaast kan een ziekte-specifieke context, zoals 
een het gebruik van geavanceerde modellen zoals organoïden, organ-on-a-chip 
of diermodellen, helpen om de dynamische interacties tussen weefsels beter te 
begrijpen en de pathofysiologie van patiënten nauwkeuriger na te bootsen. 
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Hoewel untargeted metabolomics veel potentieel biedt voor toekomstig onderzoek 
vanwege zijn hypothese-genererende aard, zijn er nog steeds technische en 
data-gerelateerde uitdagingen, zoals de interpretatie van data. Integratie van 
metabolomics data met kennis uit het metabole netwerk of andere ‘omics’-data 
kan het potentieel verder vergroten en daarmee de betekenisvolle interpretatie 
voor zowel diagnostiek als onderzoek verbeteren. Dit proefschrift toont aan dat 
untargeted metabolomics tal van toepassingen heeft, waaronder het ontdekken van 
biomarkers, het identificeren van nieuwe pathofysiologische aanknopingspunten, 
het vinden van therapeutische aangrijpingspunten, het evalueren van de klinische 
ernst en het beoordelen van respons op behandeling. Dankzij de veelzijdige 
aspecten van deze toepassingen heeft untargeted metabolomics het potentieel om 
het veld van zeldzame erfelijke ziekten te transformeren en zo een positieve impact 
te hebben op de patiëntenzorg. 
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LIST OF ABBREVIATIONS

AGC = aspartate glutamate carrier
Asp = aspartate
ATP = adenosine triphosphate
AUC = area under the curve
CDA = congenital dyserythropoietic anemia
CMST = cell membrane stability test
CoA = coenzyme A
DBA = Diamond Blackfan anemia
DBS = dried blood spots
DI-HRMS= direct infusion high resolution mass spectrometry
DHAP = dihydroxyacetone phosphate
EDTA = ethylenediaminetetraacetic acid
ETC = electron transport chain
FC = fold change
FH = fumarate hydratase
F1,6BP = fructose 1,6 bisphosphate
GAPDH = glyceraldehyde 3-phosphate dehydrogenase 
GA3P= glyceraldehyde 3-phosphate
GC-MS = Gas chromatography mass spectrometry
GDH = glutamate dehydrogenase
Glu = glutamate
GOT = glutamate-oxaloacetate transaminase
GPD1 = glycerol phosphate dehydrogenase
G3P = glycerol 3-phosphate
Hb = hemoglobin
HC = healthy control
HMDB = human metabolome database
HEK293 = human embryonic kidney 293 
HPO = human phenotype ontology
HS = hereditary spherocytosis
HSCT = hematopoietic stem cell transplantation
IEM = inborn errors of metabolism
IMD = inherited metabolic disease
KD = ketogenic diet
KO = knockout
LC-MS = liquid chromatography mass spectrometry
Mal = malate
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MAS = malate-aspartate shuttle
MDH = malate dehydrogenase
MS = mass spectrometry
MRI = magnetic resonance image
MRS = magnetic resonance spectroscopy
m/z = mass to charge ratio
NAD(H) = nicotinamide adenine dinucleotide
OAA = oxaloacetate
OGC = oxoglutarate malate carrier
OGDH = oxoglutarate dehydrogenase
OMIM = online mendelian inheritance in man
PCA = principle component analysis
PEP = phosphoenolpyruvate
PHGDH = phosphoglycerate dehydrogenase
PLS-DA = partial least square discriminant analysis
PK = pyruvate kinase
PKD = pyruvate kinase deficiency
PPP = pentose phosphate pathway
Pyr = pyruvate
RBC = red blood cell
Rib5P = Ribose 5-phosphate
RHA = rare hereditary anemia
ROC = receiver operating characteristic
RP = ribosomal protein
RPE = ribulose phosphate epimerase
RPI = ribose 5-phosphate isomerase
RPS = ribosomal protein of the small subunit
RPL = ribosomal protein of the large subunit
R5P = ribulose 5-phosphate
SVM = support vector machine
S7P = sedoheptulose 7-phosphate
TALDO = transaldolase
TCA = tricarboxylic acid 
THF = tetrahydrofolate
TKT = transketolase
WES = whole-exome sequencing
WT = wild type
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X5P = Xylulose 5-phosphate
2-KB = 2-ketobutyrate
2-OG = 2-oxoglutarate
2,3-DPG = 2,3-diphosphoglyceric acid
3-PG = 3-phosphoglycerate
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